Ultra-low cross polarization antenna architectures for multi-function planar phased arrays by Diaz Diaz, Jose
UNIVERSITY OF OKLAHOMA
GRADUATE COLLEGE
ULTRA-LOW CROSS POLARIZATION ANTENNA ARCHITECTURES
FOR MULTI-FUNCTION PLANAR PHASED ARRAYS
A DISSERTATION
SUBMITTED TO THE GRADUATE FACULTY




JOSÉ DAVID DÍAZ DIÁZ
Norman, Oklahoma
2021
ULTRA-LOW CROSS POLARIZATION ANTENNA ARCHITECTURES
FOR MULTI-FUNCTION PLANAR PHASED ARRAYS
A DISSERTATION APPROVED FOR THE
SCHOOL OF ELECTRICAL AND COMPUTER ENGINEERING
BY THE COMMITTEE CONSISTING OF
Dr. Jorge L. Salazar-Cerreño, Chair
Dr. Caleb J. Fulton
Dr. Hjalti H. Sigmarsson
Dr. Robert D. Palmer
Dr. Alberto M. Marino Valle
© Copyright by JOSÉ DAVID DÍAZ DIÁZ 2021
All Rights Reserved.
This dissertation is dedicated to my parents Tito and Magali, for sacrificing so
much of their lives for their children’s education and future.
Esta disertación es dedicada a mi papá y mamá Tito y Magali, por sacrificar
gran parte de sus vidas por la educación de sus hijos y su futuro.
iv
Acknowledgments
I would like to first acknowledge my research advisor and chair Dr. Jorge L.
Salazar-Cerreño for taking a chance on me as an undergraduate student back
in 2014 at the National Center for Atmospheric Research in Boulder, CO. Dr.
Salazar’s passion for teaching and research resonated with me early on, making
me realize what I wanted to do for a career. I’m very grateful for his support,
patience, and encouragement.
I want to express my gratitude to my committee members Dr. Caleb J.
Fulton, Dr. Hjalti H. Sigmarsson, Dr. Robert D. Palmer, and Dr. Alberto M.
Marino for taking time from their busy schedules to help me learn, expand my
knowledge in and outside of the classroom, engaging in insightful discussions,
listening to my crazy ideas, and for their continuous support in this work. I also
want to thank my friend and co-worker Dr. Nafati Aboserwal. Dr. Aboserwal’s
support was pivotal in the development of this dissertation, providing very
insightful comments and advice throughout the whole process. I also want to
extend my gratitude to the Advanced Radar Research Center (ARRC) faculty
and staff for their never-ending support and commitment to the students
making the ARRC feel like a home away from home. To my friends in the
PAARD team: thank you for all the wonderful memories that made my days
brighter and more enjoyable. Special thanks to Dr. Javier Ortiz, Dr. David
Schvartzman, Dr. Rodrigo Lebron, Dr. Arturo Umeyama, and future Dr. Tony
v
Segales.
I also want to thank my entire family for supporting and believing in me.
Tito and Magali (i.e., papi y mami), words alone cannot express my deep
appreciation for the life you gave me. Thank you for teaching me hard work,
perseverance, kindness, humility, and unconditional care for others. You are
my role models and who I want to be when I grow up. The pillar of my family,
my sister Soly. Thank you for never doubting my capabilities and for being
the best sister that I could have ever asked for. I was only able to complete
this goal knowing that you were there for our family. To my brother Junito,
thank you for keeping life fun and interesting, and always showing me a good
time. Uncle Eulalio, thank you for encouraging me to strive for greatness and
for advising me in life. Last but not least, to my better half and best friend
Melissa Rosa, with whom I’m sharing my life and starting a beautiful feline
family. Thank you for jumping into the unknown, feeding me delicious food,




Table of Contents x
List of Tables xi
List of Figures xxix
Abstract xxxi
1 Introduction 1
1.1 Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Previous Work . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3.1 Contact-fed Microstrip Patch Antennas . . . . . . . . . 5
1.3.2 Non-contact Fed Microstrip Patch Antennas . . . . . . 9
1.3.3 Non-standard PCB Antennas . . . . . . . . . . . . . . 14
1.4 Problem Statement . . . . . . . . . . . . . . . . . . . . . . . . 15
1.5 Justification . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.6 Hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.7 Research Objectives . . . . . . . . . . . . . . . . . . . . . . . 17
1.8 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
vii
1.9 Overview of Chapters . . . . . . . . . . . . . . . . . . . . . . . 20
2 Fundamentals of Phased Array Antennas 22
2.1 Phased Arrays . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.1.1 Phased Array Antenna Geometries . . . . . . . . . . . 23
2.2 Phased Array Fundamentals . . . . . . . . . . . . . . . . . . . 26
2.2.1 Linear Array without Mutual Coupling . . . . . . . . . 29
2.2.2 Linear Array with Mutual Coupling . . . . . . . . . . 34
2.2.3 Planar Phased Arrays . . . . . . . . . . . . . . . . . . 37
2.3 Phased Array Antenna Modeling . . . . . . . . . . . . . . . . 39
2.3.1 Infinite Array Analysis . . . . . . . . . . . . . . . . . . 39
2.3.2 Finite Array Analysis . . . . . . . . . . . . . . . . . . 41
2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3 Planar Phased Array Antenna Design Trade-offs 45
3.1 Antenna Polarization . . . . . . . . . . . . . . . . . . . . . . . 46
3.1.1 Ludwig Definitions of Polarization . . . . . . . . . . . 46
3.1.2 Polarization of Weather Radars . . . . . . . . . . . . . 52
3.1.3 Intrinsic Cross Polarization . . . . . . . . . . . . . . . 53
3.2 Phased Array Antenna Calibration . . . . . . . . . . . . . . . 56
3.3 Polarization in Wire Antennas . . . . . . . . . . . . . . . . . . 57
3.3.1 Dipole Antenna in Free Space . . . . . . . . . . . . . . 57
3.3.2 Horizontal Dipole over Ground . . . . . . . . . . . . . 60
3.4 Polarization in Aperture Antennas . . . . . . . . . . . . . . . 63
3.4.1 Waveguide Antenna . . . . . . . . . . . . . . . . . . . 63
3.4.2 Slot Antenna . . . . . . . . . . . . . . . . . . . . . . . 67
3.4.3 Dielectric-Covered Slot Antenna . . . . . . . . . . . . . 69
viii
3.4.4 Ultra-Low Cross Polarization Dielectric-Covered Slot
Antenna . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.5 Polarization in Microstrip Patch Antennas . . . . . . . . . . . 76
3.5.1 Ultra-Low Cross-Polarization Microstrip Patch Antenna 79
3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4 Dual-Polarized Microstrip Patch Antennas for Polarimetric
Weather Radars 84
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.2 Microstrip Patch Antenna Design Trade-Offs . . . . . . . . . . 85
4.2.1 Surface Waves . . . . . . . . . . . . . . . . . . . . . . 85
4.2.2 Bandwidth . . . . . . . . . . . . . . . . . . . . . . . . 89
4.2.3 Isolation and Cross-Polarization . . . . . . . . . . . . . 90
4.2.4 Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.3 Next-Generation Phased Array Radar Antennas . . . . . . . . 92
4.3.1 The Horus Antenna . . . . . . . . . . . . . . . . . . . 92
4.3.2 The PAIR Antenna . . . . . . . . . . . . . . . . . . . . 106
4.3.3 The Horus-ONR Antenna . . . . . . . . . . . . . . . . 118
4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
5 The Ultra-Low Cross Polarization Microstrip Patch Antenna
(ULCP-MPA) 120
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
5.1.1 ULCP Antenna Requirements . . . . . . . . . . . . . . 120
5.1.2 Proposed ULCP Antenna Architecture . . . . . . . . . 121
5.2 ULCP Antenna Modeling . . . . . . . . . . . . . . . . . . . . 128
5.2.1 MoM: Homogeneous Substrate . . . . . . . . . . . . . 128
ix
5.2.2 MoM: ADL Stackup . . . . . . . . . . . . . . . . . . . 131
5.2.3 IAA: Homogeneous Substrate . . . . . . . . . . . . . . 133
5.2.4 IAA: ADL Stackup . . . . . . . . . . . . . . . . . . . . 135
5.2.5 IAA: Modified ADL . . . . . . . . . . . . . . . . . . . 137
5.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
6 Conclusions 140
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
6.2 Research Limitations . . . . . . . . . . . . . . . . . . . . . . . 143
6.3 Future Research . . . . . . . . . . . . . . . . . . . . . . . . . . 145
References 147
Appendix A List of Acronyms and Abbreviations 158
Appendix B Manufactured Antenna Array References 161
B.1 Horus Antenna . . . . . . . . . . . . . . . . . . . . . . . . . . 161
B.2 PAIR Antenna . . . . . . . . . . . . . . . . . . . . . . . . . . 170
Appendix C Summary of Contributions 176
x
List of Tables
4.1 Substrates integrated in the Horus antenna design and their
respective electrical properties. . . . . . . . . . . . . . . . . . 96
4.2 Substrates integrated in the PAIR antenna design and their
respective electrical properties. . . . . . . . . . . . . . . . . . 109
4.3 PAIR antenna dimensions. . . . . . . . . . . . . . . . . . . . . 110
xi
List of Figures
1.1 Horus radar system renderings. a) The 8 x 8, dual-polarized fully
digital line replaceable unit (LRU) was completed and tested
in Spring 2020 at the ARRC. b) The mobile radar platform is
scheduled for completion in Winter 2021. c) Rendering of a full-
scale all-digital PAR testbed. Images courtesy of the ARRC’s
Engineering Department. Drawings not to scale. . . . . . . . . 2
1.2 Top and side view of the dual-polarized probe-fed microstrip
patch antenna geometry in where εrp is the permittivity for the
microstrip patch dielectric substrate. . . . . . . . . . . . . . . 5
1.3 Top and side view of the dual-polarized balanced probe-fed mi-
crostrip patch antenna geometry in where εrp is the permittivity
for the microstrip patch dielectric substrate. . . . . . . . . . . 6
1.4 Top and side view of the dual-polarized transmission line-fed
microstrip patch antenna geometry in where εrp is the permittiv-
ity for the microstrip patch and the transmission line dielectric
substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.5 Top and side view of the dual-polarized aperture coupled mi-
crostrip patch antenna geometry in where εrp and εrt are the
permittivity for the microstrip patch and the transmission line
dielectric substrates, respectively. . . . . . . . . . . . . . . . . 10
xii
1.6 Top and side view of the centered-fed dual-polarized aperture
coupled microstrip patch antenna geometry in where εrp and εrt
are the permittivity for the microstrip patch and the transmis-
sion line dielectric substrates, respectively. Notice, εrt1 is not
necessarily equal to εrt2. . . . . . . . . . . . . . . . . . . . . . 11
1.7 Top and side view of the dual-polarized proximity coupled
microstrip patch antenna geometry in where εrp and εrt are the
permittivity for the microstrip patch and the transmission line
dielectric substrates, respectively. . . . . . . . . . . . . . . . . 12
1.8 Top and side view of the printed crossed dipole antenna geometry
in where εrd is the permittivity of the dipole dielectric substrate. 15
2.1 Phased array antenna configurations for dual-polarized antenna
elements. a) planar array, b) cylindrical array, and c) spherical
array. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2 Linear phased array antenna characteristics. V ±i refers to the
incident (+) and reflected voltage waves at the terminals of
the “i” element, Gi to the generator, Zo to the characteristic
impedance of the generator, d to the distance between antenna
elements, u to the progressive phase shift between elements to
the wavefront, k to the propagation constant of the medium,
and θ to the angle made by the plane wave. . . . . . . . . . . 27
xiii
2.3 Different linear phased array antenna configurations and char-
acteristics. (a) Normalized radiation pattern for a linear phased
array with d = λo/2, f = 3 GHz, θ0 = 0◦, and N elements:
10-black, 20-blue, 30-red. (b) Normalized radiation pattern for
a linear phased array with d = λo/2, f = 3 GHz, N = 30, and
θ0 scanning beams: −30◦-black, 0◦-blue, +30◦-red. (c) Normal-
ized radiation pattern for a linear phased array with d = λo/2,
f = 3 GHz, N = 30, θ0 = 0◦, and weighting Taylor function
of 5 nearly constant sidelobes: −20-black, −25-blue, −30-red.
(d) Normalized radiation pattern for a linear phased array with
f = 3 GHz, N = 30, θ0 = 0◦, and d spacings: λ/4-black,
λ/2-blue, λ-red. . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.4 Printed dipole antenna unit cell using periodic boundary con-
ditions and floquet port excitations in HFSS. The dimensions
of the antenna are as follows: unit cell size dx = dy = 50 mm,
extension of unit cell from the top face of the dielectric dz =
50 mm, dipole width Wd = 2 mm, dipole length Ld = 42 mm,
and dielectric height hd = 25 mm with εr = 2.2. A lumped port
with an impedance of 73 + j42.5 Ω was used between the two
dipole arms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.5 Characterization of an infinite array made out of printed dipole
antennas using the unit cell shown in Fig. 2.4. a) Active
reflection coefficient at boresight. b) Theoretical and realized
gain at boresight. c) Active reflection coefficient cuts for E-, D-,
and H -plane. b) Active element pattern cuts for E-, D-, and
H -plane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
xiv
2.6 Characterization of a finite 15 x 15 printed dipole antenna array.
a) Two-dimensional coupling terms with the center element as
a reference. b) Mutual coupling cuts along horizontal, verti-
cal, and diagonal cuts. c) Active reflection coefficient for the
center element based on the 2D couplings. d) Active reflection
coefficient cuts for the E-, D-, and H -plane. e) Active element
pattern for the center element based on the 2D ARC. f) Active
element pattern cuts for the E-, D-, and H -plane. . . . . . . . 42
3.1 Definitions of co-polarization and cross-polarization for the three
definitions of Ludwig [57]. Reprinted from [56] © 2018 IEEE. . 47
3.2 Co- and cross-polarization radiation patterns based on Ludwig’s
second definitions for infinitesimal electric dipole antennas. a)
Co-polarized radiation pattern for a y-polarized dipole. b)
Cross-polarized radiation pattern for a y-polarized dipole. c)
Co-polarized radiation pattern for an x-polarized dipole. d)
Cross-polarized radiation pattern for an x-polarized dipole. . . 50
3.3 Co- and cross-polarization radiation patterns based on Ludwig’s
third definition for an infinitesimal electric dipole antenna. a)
Co-polarized radiation pattern for a y-polarized dipole. b)
Cross-polarized radiation pattern for a y-polarized dipole. c)
Co-polarized radiation pattern for an x-polarized dipole. d)
Cross-polarized radiation pattern for an x-polarized dipole. . . 51
xv
3.4 Intrinsic cross-polarization (IXR) for a dual-polarized infinites-
imal electric dipole antenna. a) IXR using co- and cross-
polarization based on L2-I using θ/φ as the coordinate system.
b) IXR using co- and cross-polarization based on L3 using θ/φ as
the coordinate system. c) IXR using co- and cross-polarization
based on L2-I using AZ/EL as the coordinate system. b) IXR
using co- and cross-polarization based on L3 using AZ/EL as a
coordinate system. . . . . . . . . . . . . . . . . . . . . . . . . 55
3.5 Wire dipole antenna geometry used for modeling and simulations
where d = 10 mils is the dipole arms diamater, l = 50 mm its
full length, and p = 1 mm the lumped port excitation length
with Zo = 73 + j42.5 Ω. . . . . . . . . . . . . . . . . . . . . . 58
3.6 Radiation characteristics for a wire dipole antenna based on
Ludwig’s third definition of polarization. a,b) Modeled co- and
cross-polarized radiation patterns. c) Modeled (solid lines) and
simulated (circle) co- and cross-polarized radiation patterns cuts
for E-(blue), D-(red), and H -plane (green). d) Modeled IXR
for a dual-polarized wire dipole antenna. . . . . . . . . . . . . 59
3.7 Horizontal wire dipole antenna geometry used for modeling and
simulations where d = 0.5 mils is the dipole arms diameter, l ≈
50 mm its full length, h ≈ 25 mm the distance from the infinite
ground, and p = 1 mils the lumped port excitation length with
Zo = 90 + j75 Ω. . . . . . . . . . . . . . . . . . . . . . . . . . 60
xvi
3.8 Radiation characteristics for a horizontal wire dipole over a
ground based on Ludwig’s third definition of polarization. a,b)
Modeled co- and cross-polarized radiation patterns. c) Modeled
(solid lines) and simulated (circle) co- and cross-polarized radia-
tion patterns cuts for E-(blue), D-(red), and H -plane (green).
d) Modeled IXR for a dual-polarized, horizontal wire dipole over
a ground. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.9 Waveguide antenna geometry used for modeling and simulations
where a = 72.136 mm is the width of the waveguide, b = 34.036
mm its height, and h = 100 mm its length. . . . . . . . . . . . 64
3.10 Radiation characteristics for the open-ended waveguide antenna
on an infinite ground based on Ludwig’s third definition of
polarization. a,b) Modeled co- and cross-polarized radiation
patterns. c) Modeled (solid lines) and simulated (circle) co-
and cross-polarized radiation patterns cuts for E-(blue), D-
(red), and H -plane (green). d) Modeled IXR for a hypothetical
dual-polarized waveguide antenna on an infinite ground. . . . 66
3.11 Slot antenna geometry used for modeling and simulations where
a = 50 mm is the width of the slot and b = 10 mils its height.
The slot is fed at the center with a lumped port that has an
impendance Zo = 362.95 - j211.31 Ω. . . . . . . . . . . . . . . 67
xvii
3.12 Radiation characteristics for a slot antenna on an infinite perfect
electric conductor ground based on Ludwig’s third definition
of polarization. a,b) Modeled co- and cross-polarized radiation
patterns. c) Modeled (solid lines) and simulated (circle) co- and
cross-polarized radiation patterns cuts for E-(blue), D-(red),
and H -plane (green). d) Modeled IXR for a dual-polarized slot
antenna. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.13 Dielectric-covered slot antenna geometry used for modeling and
simulations where a and b are the width and the height of the
slot. The slot is covered with a substrate that has a dielectric
constant εrd and thickness hd. It is fed with a 50 Ω transmission
line that has a width Wt, stub length Ls, and is offset from the
center by Lo. The substrate supporting the transmission line
has a dielectric constant εrt and thickness ht. The predicted
theoretical radiation patterns and simulation model used the
following dimensions: a = 50.5 mm, b = 3 mm, εrd = 2.2, and
hd = 60 mils, εrt = 3.66, ht = 30 mils, Wt = 1.68 mm, Ls = 12
mm, and Lo = 11.22 mm. . . . . . . . . . . . . . . . . . . . . 69
3.14 Radiation characteristics for a dielectric-covered slot antenna
on an infinite ground based on Ludwig’s third definition of
polarization. a,b) Modeled co- and cross- polarized radiation
patterns. Modeled (solid lines) and simulated (circle) co- and
cross-polarized radiation patterns cuts for E-(blue), D-(red),
and H -plane (green). d) Modeled IXR for a dual-polarized
dielectric-covered slot antenna. . . . . . . . . . . . . . . . . . 72
xviii
3.15 Maximum XPD of a dielectric-covered slot antenna in the region
−45◦ ≤ θ ≤ 45◦ and 0◦ ≤ φ ≤ 180◦. . . . . . . . . . . . . . . . 73
3.16 Radiation characteristics for a dielectric-covered slot antenna
with ultra-low cross-polarization characteristics based on Lud-
wig’s third definition of polarization. a,b) Modeled co- and
cross-polarized radiation patterns with a = 49 mm, b = 3 mm,
εrd = 1.72, and hd = 21.75 mm. Modeled (solid lines) and
simulated (circle) co- and cross-polarized radiation patterns cuts
for E-(blue), D-(red), and H -plane (green) where the simulation
uses: a = 49 mm, b = 3 mm, εrd = 2.2, and hd = 21.75 mm, εrt =
3.66, ht = 30 mils, Wt = 1.68 mm, Ls = 12 mm, and Lo = 10.88
mm. d) Modeled IXR for a dual-polarized dielectric-covered
slot antenna with ultra-low cross-polarization characteristics. . 75
3.17 Microstrip patch antenna geometry used for modeling and sim-
ulations where Wp is the width of the patch, Lp its length, and
fp the feeding location for the lumped ports with impedance Zo
= 50 Ω. The subtrate supporting the microstrip patch has a
dielectric constant εr and a thickness hd. . . . . . . . . . . . . 77
xix
3.18 Radiation characteristics for a microstrip patch antenna on an
infinite ground based on Ludwig’s third definition of polarization
operating at 3 GHz. a) Modeled microstrip patch antenna in
HFSS with fp = 3.5 mm, Lp = Wp = 32.25 mm, hd = 60 mils,
and εrd = 2.2. b) Modeled co-polarized radiation pattern. c)
Modeled cross-polarized radiation pattern. d) Modeled (solid
lines) and simulated (circle) co- and cross-polarized radiation
patterns cuts for E-(blue), D-(red), and H -plane (green). e)
Modeled IXR for a dual-polarized microstrip patch antenna. . 80
3.19 Maximum co- to cross-polarization difference of a square mi-
crostrip patch antenna derived from the electric current model
in the region −45◦ ≤ θ ≤ 45◦ and 0◦ ≤ φ ≤ 180◦ operating at 3
GHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
3.20 Radiation characteristics for a microstrip patch antenna on an
infinite ground based on Ludwig’s third definition of polariza-
tion. a) Modeled microstrip patch antenna in HFSS with fp
= 3.7 mm, Lp = Wp = 36.25 mm, hd = 60 mils, and εrd =
1.72. b) Modeled copolarized radiation pattern. c) Modeled
crosspolarized radiation pattern. d) Modeled (solid lines) and
simulated (circle) co and crosspolarized radiation patterns cuts
for E-(blue), D-(red), and H -plane (green). e) Modeled IXR for
a dual-polarized microstrip patch antenna. . . . . . . . . . . . 82
4.1 Grounded dielectric substrate with infinite extension along y-
and x-axis where βsw is the propagation constant of the grounded
dielectric substrate, εr its relative permittivity, and hd its thick-
ness. k̂00 refers to the free space propagation constant. . . . . 85
xx
4.2 Surface wave propagation constant analysis and grating lobe
diagrams for a substrate with a dielectric constant of εr = 2.2
and hd = 25 mm. a) Simulated dipole geometry from Section
2.3.1. b) Surface wave propagation constant analysis for TE and
TM modes. c) Grating lobe diagram considering mode TM0
where its moved from 90◦ to 45.89◦. d) Grating lobe diagram
considering mode TE1 where its moved from 90◦ to 81.73◦. . . 88
4.3 Bandwidth capabilities of a square microstrip patch antenna as
a function of dielectric constant and substrate thickness using
TL model [69]. Note, dashed lines represent contours bandwidth
percentages of 2.5, 5, and 7.5%. . . . . . . . . . . . . . . . . . 89
4.4 Efficiency capabilities of a square microstrip patch antenna as
a function of dielectric constant and substrate thickness using
TL model [69]. Note, dashed lines represent contour efficiency
percentages of 85, 90, and 95%. . . . . . . . . . . . . . . . . . 92
4.5 Simulated Horus antenna unit-cell used for simulations in Ansys
HFSS. a) Horus antenna 3D model. b) Horus antenna top view. 94
xxi
4.6 Horus antenna stackups and via configuration with the following
substrate thicknesses (all in mils). Sub-assembly 1: C1 - 5, B1 -
6.2, L1 - 1.4, C2 - 140, L2 - 1.4, B2 - 6.2, C3 - 30. Sub-assembly
2: L1 - 2, C1 - 30, B1 - 4, L2 - 1.4, C2 - 20, L3 - 1.4, B2 - 4, C3
- 20, B3 - 4, L4 - 1.4, C4 - 20, L5 - 1.4, B4 - 4, C5 - 6.6, L6 - 2 .
Note 1: C = Substrate Core, B = Bondply or Prepreg, and L
= Copper Layer. Note 2: V1 - controlled depth signal via, V2 -
controlled depth GND via, V3 - backdrilled via for H-pol, V4 -
through GND via, V5 - V-pol backdrilled via, V6 - non-plated
via for antenna mounting. . . . . . . . . . . . . . . . . . . . . 95
4.7 Surface wave propagation constant analysis and grating lobe
diagrams at 3.1 GHz for the Horus antenna stackup where εr ≈
2.43 and hd ≈ 217.4 mils. a) Surface wave propagation constant
analysis where εr is calculated based on a weighted average. b)
Grating lobe location is moved from 64.82◦ to 61.84◦. . . . . . 98
4.8 Simulated active S-parameters and realized gain at boresight
based on infinite array analysis in HFSS. a) Active S-parameters
for H- and V-polarization. b) Realized gain for H- and V-
polarization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.9 Simulated active reflection coefficient cuts for E-, D-, and H -
plane at 2.9 GHz. a) H-polarization ARC. b) V-Polarization
ARC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.10 Simulated normalized radiation pattern cuts for E-, D-, and
H -plane based on Ludwig’s third definition of polarization at
2.9 GHz. a) H-polarization radiation patterns cuts. b) V-
Polarization radiation pattern cuts. . . . . . . . . . . . . . . . 100
xxii
4.11 Mutual coupling measurements for H- and V-polarizations for
element [8,8] in the 16 x 16 Horus antenna array at 2.9 GHz. a)
Mutual coupling measurements for H-polarization. b) Mutual
coupling measurements for V-polarization. . . . . . . . . . . . 102
4.12 Measured ARC and realized gain at boresight for element [8,8]
in the 16 x 16 Horus antenna array based on the mutual coupling
measurements shown in Fig. 4.11. a) Active S-parameters for H-
and V-polarization. b) Realized gain for H- and V-polarization. 102
4.13 Measured H-polarization active reflection coefficient for element
[8,8] in the 16 x 16 Horus antenna array based on the mutual
coupling measurements shown in Fig. 4.11. a) Active reflection
coefficient in AZ/EL at 2.9 GHz. b) Active reflection coefficient
for φ = 0◦ across frequencies. c) Active reflection coefficient
for φ = 45◦ across frequencies. d) Active reflection coefficient
for φ = 90◦ across frequencies. Note: Dash lines represent a
contour of -10 dB and the square box the simulated or expected
scanning bandwidth. . . . . . . . . . . . . . . . . . . . . . . . 104
4.14 Measured V-polarization active reflection coefficient for element
[8,8] in the 16 x 16 Horus antenna array based on the mutual
coupling measurements shown in Fig. 4.11. a) Active reflection
coefficient in AZ/EL at 2.9 GHz. b) Active reflection coefficient
for φ = 0◦ across frequencies. c) Active reflection coefficient
for φ = 45◦ across frequencies. d) Active reflection coefficient
for φ = 90◦ across frequencies. Note: Dash lines represent a
contour of -10 dB and the square box the simulated or expected
scanning bandwidth. . . . . . . . . . . . . . . . . . . . . . . . 105
xxiii
4.15 Simulated PAIR antenna unit-cell used for simulations in Ansys
HFSS. a) PAIR antenna 3D model. b) PAIR antenna top view. 107
4.16 PAIR antenna stackup and via configuration with the following
substrate thicknesses (all in mils): C1 - 5, B1 - 3.5, L1 - 1.4, C2
- 30, B2 - 3.5, L2 - 2, C3 - 30, B3 - 5.6, L3 - 2, C4 - 20, L4 -
1.4, B4 - 5.6, C5 = 10, L5 - 3.1. Note 1: C = Substrate Core,
B = Bondply or Prepreg, and L = Copper Layer. Note 2: V1 -
controlled depth via, V2 - normal GND via, V3 - backdrilled
via for signals, V4 - non-plated via for antenna mounting. . . 108
4.17 Surface wave propagation constant analysis and grating lobe
diagrams at 5.6 GHz for the PAIR antenna stackup where εr ≈
2.29 and hd ≈ 77.6 mil. a) Surface wave propagation constant
analysis where the εr calculated based on a weighted average.
b) Grating lobe location is moved from 79.78◦ to 77.28◦. . . . 111
4.18 Simulated active S-parameters and realized gain at boresight
based on infinite array analysis in HFSS. a) Active S-parameters
for H- and V-polarization. b) Realized gain for H- and V-
polarization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
4.19 Simulated active reflection coefficient cuts for E-, D-, and H -
plane at 5.4 GHz. a) H-polarization ARC. b) V-Polarization
ARC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
4.20 Simulated normalized radiation pattern cuts for E-, D-, and
H -plane based on Ludwig’s third definition of polarization at
5.4 GHz. a) H-polarization radiation patterns cuts. b) V-
Polarization radiation pattern cuts. . . . . . . . . . . . . . . . 113
xxiv
4.21 Mutual coupling measurements for H- and V-polarizations for
element [4,5] in the 8 x 8 PAIR antenna array at 5.4 GHz. a)
Mutual coupling measurements for H-polarization. b) Mutual
coupling measurements for V-polarization. . . . . . . . . . . . 114
4.22 Measured ARC and realized gain at boresight for element [4,5]
in the 8 x 8 PAIR antenna array based on the mutual coupling
measurements shown in Fig. 4.21. a) Active S-parameters for H-
and V-polarization. b) Realized gain for H- and V-polarization. 115
4.23 Measured H-polarization active reflection coefficient for element
[4,5] in the 8 x 8 PAIR antenna array based on the mutual
coupling measurements shown in Fig. 4.21. a) Active reflection
coefficient in AZ/EL at 5.4 GHz. b) Active reflection coefficient
for φ = 0◦ across frequencies. c) Active reflection coefficient
for φ = 10◦ across frequencies. d) Active reflection coefficient
for φ = 90◦ across frequencies. Note: Dash lines represent a
contour of -10 dB and the square box the simulated or expected
scanning bandwidth.. . . . . . . . . . . . . . . . . . . . . . . . 116
4.24 Measured V-polarization active reflection coefficient for element
[4,5] in the 8 x 8 PAIR antenna array based on the mutual
coupling measurements shown in Fig. 4.21. a) Active reflection
coefficient in AZ/EL at 5.4 GHz. b) Active reflection coefficient
for φ = 0◦ across frequencies. c) Active reflection coefficient
for φ = 10◦ across frequencies. d) Active reflection coefficient
for φ = 90◦ across frequencies. Note: Dash lines represent a
contour of -10 dB and the square box the simulated or expected
scanning bandwidth.. . . . . . . . . . . . . . . . . . . . . . . . 117
xxv
4.25 Simulated and measured active reflection coefficient at boresight
for Horus-ONR antenna. a) H-polarization at boresight. b)
V-polarization at boresight. . . . . . . . . . . . . . . . . . . . 118
5.1 Top and side view of the theoretical ULCP microstrip antenna
where hd ≤ 0.01λ and εrp ≈ 1.7 to produce cross-polarization lev-
els of -40 dB. The dielectric covered ground extends horizontally
to infinity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
5.2 Side view of the proposed dielectric stackup to design an ULCP
microstrip antenna where εrN refers to the permittivity of the
dielectric N, tan δN to the tangent loss of the dielectric N, and
hN to the height of the dielectric N. For the ADL: εr,ADL refers
to the effective permittivity, tan δADL to the effective tangent
loss, and ht to the total dielectric height. . . . . . . . . . . . . 122
5.3 Effective electrical properties for the proposed ADL. Calculated
effective permittivity (a) and tangent loss (b) for ADLs made
out of Rogers 5880LZ, RO5880, RO3003, or RO4350B using
Rogers 2929 as bonding and Rohacell 51-HF in the middle core
with thicknesseses of 1.5 and 20 mils, respectively. c) Proposed
ADL for an ULCP microstrip patch antenna. . . . . . . . . . . 123
xxvi
5.4 Top and side view of the proposed ULCP microstrip patch
antenna, where εr,ADL refers to the effective dielectric constant
of the ADL and ht to its thickness, as shown in Fig. 5.3. Lp
and Wp refer to the length and width of the microstrip patch.
Ls and Ws refer to the length and the width of the coupling
aperture. The feed has a substrate with dielectric constant of
εrf and thickness hf , while the transmission line has width Wt
and stub length Lstub. . . . . . . . . . . . . . . . . . . . . . . 126
5.5 Mathematically modeled ULCP microstrip patch antena radia-
tion patterns based on Ludwig’s third definition of polarization.
The inputs for the model were: εr,eff = 1.7284, hd = 43 mils,
Lp = Wp = 38.2 mm. a) Two-dimensional co-polarized radiation
pattern. b) Two-dimensional cross-polarized radiation pattern.
c) Co- and cross-polarized radiation pattern cuts for E- (blue),
D- (red), and H -plane (green). . . . . . . . . . . . . . . . . . . 127
5.6 Simulated (MoM) results for the proposed ULCP microstrip
patch antenna using a homogeneous substrate. a) Antenna
stackup properties. b) Reflection coefficient of the antenna. c)
Co- and cross-polarization radiation patterns based on Ludwig’s
third definition of polarization for E- (blue), D- (red), and
H -plane (green). . . . . . . . . . . . . . . . . . . . . . . . . . 130
5.7 Simulated (MoM) results for the proposed ULCP microstrip
patch antenna using the proposed ADL. a) Antenna stackup
properties. b) Reflection coefficient of the antenna. c) Co- and
cross-polarization patterns based on Ludwig’s third definition
of polarization for E- (blue), D- (red), and H -plane (green). . 132
xxvii
5.8 Simulated (IAA) results for the proposed ULCP microstrip patch
antenna using a homogeneous substrate. a) Antenna stackup
properties. b) Reflection coefficient of the antenna. c) Co- and
cross-polarization patterns based on Ludwig’s third definition
of polarization for E- (blue), D- (red), and H -plane (green). d)
Scanned active reflection coefficient for E-, D-, and H -plane. . 134
5.9 Simulated (IAA) results for the proposed ULCP microstrip
patch antenna using the proposed ADL. a) Antenna stackup
properties. b) Reflection coefficient of the antenna. c) Co- and
cross-polarization patterns based on Ludwig’s third definition
of polarization for E- (blue), D- (red), and H -plane (green). d)
Scanned active reflection coefficient for E-, D-, and H -plane. . 136
5.10 Simulated (IAA) results for the proposed ULCP microstrip
patch antenna using the modified ADL. a) Antenna stackup
properties. b) Reflection coefficient of the antenna. c) Co- and
cross-polarization patterns based on Ludwig’s third definition
of polarization for E- (blue), D- (red), and H -plane (green). d)
Scanned active reflection coefficient for E-, D-, and H -plane. . 138
B.1 Parasitic microstrip patch layer of Horus antenna in sub-assembly
2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
B.2 Driven microstrip patch layer of Horus antenna in sub-assembly
2. The shadow microstrip patch references the parasitic located
in layer 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
B.3 V-polarization layer of Horus antenna in sub-assembly 1. . . . 164
B.4 Slotted ground layer of Horus antenna in sub-assembly 1. . . . 165
B.5 H-polarization layer of Horus antenna in sub-assembly 1. . . . 166
xxviii
B.6 Ground layer of Horus antenna in sub-assembly 1. . . . . . . . 167
B.7 H/V feeding network and ground layer of Horus antenna in
sub-assembly 1. . . . . . . . . . . . . . . . . . . . . . . . . . . 168
B.8 H/V feeding network and ground layer of Horus antenna in
sub-assembly 1. . . . . . . . . . . . . . . . . . . . . . . . . . . 169
B.9 Parasitic microstrip patch layer of PAIR antenna. . . . . . . . 171
B.10 Driven microstrip patch layer of PAIR antenna. . . . . . . . . 172
B.11 Microstrip patch ground layer of PAIR antenna. . . . . . . . . 173
B.12 Feeding network layer of PAIR antenna. . . . . . . . . . . . . 174
B.13 Bottom ground layer of PAIR antenna. . . . . . . . . . . . . . 175
xxix
Abstract
For over thirty years, single-beam mechanically steered radars have domi-
nated the field of atmospheric observations, and since then, newer improved
technologies have emerged that could provide a replacement for aging radars.
Phased array radar technology offers meteorologists and scientists a unique
opportunity to enhance weather forecasting through rapid electronic adaptive
scans. Multiple array geometries exist for phased array radars (i.e., spherical,
cylindrical, and planar); however, this work concentrates on enhancing the
performance of planar antenna architectures. Planar phased array radar an-
tennas have been under scrutiny due to the challenges posed when trying to
satisfy all polarimetric weather requirements met by conventional parabolic
dish reflectors (e.g., co-polarized beam mismatch under 0.1 dB, input isolation
higher than 40 dB, cross-polarized radiation under -40 dB). This dissertation
takes a fresh look into the electromagnetic characteristics of traditional anten-
nas used in planar phased array geometries and provides mathematical insight
to prove their performance, limitations, and advantages. The metrics used
to evaluate essential performance characteristics were bandwidth, scanning
range, polarization, co-polarized beam match, cross-polarization, isolation, and
intrinsic cross-polarization (IXR).
xxx
The antennas presented in this work (i.e., Horus, Polarimetric Atmospheric
Imaging Radar (PAIR), and Horus-ONR) were validated by comparing the
results of predictive simulating tools against physical antenna measurements.
The Horus antenna was made using aperture coupling feeding technique with
stacked microstrip patches. It achieved a fractional bandwidth of 15.4%,
a co-polarized beam mismatch of 0.08 dB, and scanned cross-polarization
levels of -29 dB, based on Ludwig’s third definition of polarization for θs
= ± 45◦. The PAIR antenna was made using balanced probe-fed stacked
microstrip patches and it totaled fractional bandwidths of 7.7%, co-polarized
beam mismatch of 0.21 dB, and -40 dB cross-polarization within the required
imaging field of view. Lastly, the Horus-ONR antenna. Its design follows
Horus guidelines for manufacturing but improves bandwidths up to 24.8%
by trading the scanned co-polarized beam mismatch and cross-polarization
required for weather missions. Other antenna architectures proposed for future
phased array radar developments are the ultra-low cross-polarization microstrip
patch (ULCP-MPA) and a dielectric covered slot antenna (ULCP-DCSA). The
ULCP-MPA and the ULCP-DCSA can achieve cross-polarization levels of -40
dB for θs = ± 45◦. The antenna designs presented in this dissertation show the
lowest scanned cross-polarizations with highly calibratable polarization and
might be the best planar radiating elements present in literature so far, despite
not achieving all polarimetric weather requirements for multi-function phased
array radars. Microstrip patch antennas offer a scalable, low profile solution
with excellent polarization diversity and reasonable scanned bandwidths for





Phased array technology originated in the first quarter of the 20th century [1]
and it experienced significant advancements during World War II [2]. Since its
beginnings, phased array technology was applied to radar tracking applications
[3]. In more recent times, phased array antenna technology evolved to be
introduced into everyday applications such as: radio broadcasting [4], satellite
internet [5], and cellular communications [6]. Currently, phased array radar
systems are positioned to become the next generation of polarimetric weather
radars [7]–[9].
When compared to single-beam mechanically scanned radars, phased array
radars provide a plethora of benefits, including: rapid update of fast-developing
events which can increase warning time for hazardous weather, tailored scan
patterns that might improve rainfall estimates, and rapid update of developing
weather through adaptive scanning [8].
As a part of the initiative to replace the existing weather and air surveil-
lance radar networks, the ARRC at the University of Oklahoma initiated the
development of a Line Replaceable Unit (LRU) Phased Array Radar (PAR)
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b) Mobile All-digital PAR
(currently in development)
a) Line Replaceable Unit
(completed)
c) All-digital PAR Testbed Concept
Figure 1.1: Horus radar system renderings. a) The 8 x 8, dual-polarized fully
digital line replaceable unit (LRU) was completed and tested in Spring 2020 at
the ARRC. b) The mobile radar platform is scheduled for completion in Winter
2021. c) Rendering of a full-scale all-digital PAR testbed. Images courtesy of
the ARRC’s Engineering Department. Drawings not to scale.
(see Fig. 1.1). This fully digital, dual-polarized weather radar building block
named “Horus”, after the Egyptian god of war and sky, allows full control
of transmitted and received signals of each antenna element; providing high
flexibility for beamforming techniques and scanning strategies [10].
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1.2 Motivation
Dual-polarized weather radars require both low cross-polarization (lower
than -40 dB) and well matched co-polar patterns (less than 0.1 dB co-polar beam
mismatch) to successfully retrieve the polarimetric products (ZDR, φDP , and
ρHV ) of a scanned atmosphere sector [11]–[13]. Weather polarimetry established
the most stringent and restraining requirements among all radar users in terms
of antenna performance, due to the required high polarization purity of the
aperture. For this reason, the design of any phased array weather radar requires
achieving the same or improved antenna performance, when compared to single-
beam mechanically scanned apertures. However, no antenna in a planar phased
array architecture has been capable of satisfying these requirements. Additional
details about this shortcoming are given in Sections 1.4 and 2.1.1.
1.3 Previous Work
The Doppler Weather Surveillance Radar (WSR-88D) operates since 2011
with a dual-polarized parabolic dish reflector capable of rotating in azimuth
360◦ and elevation angles starting at 0.5◦[14]. Due to the nature of the scan, in
which the parabolic reflector is always perpendicular to the plane where mea-
surements are retrieved, the antenna produces extremely low cross-polarization
radiation (30 dB lower than the beam peak) with negligible differences between
radiated beam peaks [15]. In contrast, a phased array version of the WSR-88D
should operate without mechanical rotation, introducing some major challenges
into the analysis related to cross-polarization levels and co-polar beam matching
[13]. A possible solution for some of these issues is a phased array aperture
that has a cylindrical shape [16]. Another possible solution is the correction of
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the biases introduced by a planar phased array antenna through calibration
[17]. Nevertheless, either approach is limited by the embedded element pattern
of the phased array aperture [18]. Several antenna architectures have been
proposed in the literature to satisfy the requirements of the next generation of
weather radars [19]–[26].
This next generation of weather radars exploits Printed Circuit Board
(PCB) technology for antenna manufacturing. PCB technology allows for
high accuracy designs at relatively low costs when mass produced [27]. For
this reason, most solutions are based on microstrip antennas. However, PCB
technology also imposes manufacturing challenges based on the dielectric
substrate characteristics of the stackup (e.g., dielectric material, dielectric
permittivity, dielectric thickness, etc.). Nonetheless, with improved design,
manufacturing challenges currently present for microstrip antennas can be
mitigated.
A microstrip antenna is a type of planar resonator, as shown in Fig. 1.2.
Traditionally, the resonator is made from a thin layer of copper mounted
on a dielectric substrate material with a backing ground plane. Microstrip
patch antennas are versatile in terms of resonant frequency, polarization,
radiation pattern, and impedance [28]. Depending on the feeding technique
used to excite the resonator, more flexibility is achieved in terms of bandwidth,
cross-polarization, and efficiency. In general, the feeding techniques used for
microstrip patch antennas are divided into contact and non-contact feeding















Figure 1.2: Top and side view of the dual-polarized probe-fed microstrip patch
antenna geometry in where εrp is the permittivity for the microstrip patch
dielectric substrate.
1.3.1 Contact-fed Microstrip Patch Antennas
Contac-fed in the context of microstrip patch antennas refers to a continuous
form of connection between the microstrip patch and the feeding network.
Probe-fed microstrip patches as shown in [19]–[22] use a probe to couple energy
directly to the microstrip patch, as shown in Fig. 1.2. In [19]–[21], four probes
are excited (two for each polarization), with a phase difference of 180◦ between
each polarization pair, portrayed in Fig. 1.3. This balanced-fed configuration
enforces a symmetry plane between horizontal (H) and vertical (V) polarizations
resulting in exceedingly low cross-polarization levels and nearly equal frequency
responses. Specific to [19], [20], no backing ground plane was incorporated


















Figure 1.3: Top and side view of the dual-polarized balanced probe-fed mi-
crostrip patch antenna geometry in where εrp is the permittivity for the mi-
crostrip patch dielectric substrate.
the ground plane acts as a radiation stopper for the feeding network that is
necessary to excite the antenna. When incorporated, it can reduce the potential
of cross talk between the elements in the back of the array. Other drawbacks
in this geometry are related to the feeding network.
First and foremost, there is a risk of introducing a scan blindness in the
antenna if it is designed with a reactive hybrid balun [29], like the ones used
in [20], [21]. Secondly, PCB technology limits how tall a via can be on a
given substrate [27], while the height of the substrate is proportional to the
bandwidth [30]. For this reason, most of these designs are limited to bandwidths
of about 10% [28]. Lastly, there is the possibility of spurious radiation from
the probes that can increase cross-polarization levels [28]. Despite all their
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drawbacks, balanced probe-fed microstrip patch antennas are solid contenders
to satisfy the requirements of the next generation of weather radars. Today,
this antenna design can be found in multiple phased arrays, including the
Advanced Technology Demonstrator (ATD) [19].
Other forms of direct contact feeding techniques used with microstrip
antennas involve a transmission line (TL) that connects directly to the patch.
Dual-polarized microstrip-fed patch antennas like the one shown in Fig. 1.4
offer the advantage of integrating the feeding network in the same layer of the
radiator (patch). Unfortunately, in phased array weather radars this advantage
poses no positive impact and might prove detrimental to the design. The
presence of the microstrip line can introduce significant levels of spurious
radiation capable of driving the cross-polarization higher than required in a
dual-polarized PAR for weather applications.
Another approach to mitigate some of the spurious radiation in this con-
figuration is using two transmission lines to feed each polarization. With
180◦ phase shift between the two lines that excites each polarization, vertical
and horizontal symmetry planes can be obtained. This approach is similar to
the probe-fed design with four vias directly connected to the microstrip patch
without transmission lines. Due to its similarities, the microstrip-fed patch has
not become part of the antennas proposed for phased array weather radars.
Comments on Contact-fed Microstrip Patch Antennas
Even though different dielectric substrate stackups and antenna sizes were
used, when scanning in the vertical and horizontal planes, [19]–[22] reported
cross-polarization levels ranging from -35 to -45 dB. In the diagonal plane,












Figure 1.4: Top and side view of the dual-polarized transmission line-fed
microstrip patch antenna geometry in where εrp is the permittivity for the
microstrip patch and the transmission line dielectric substrate.
scanning, the balanced probe feeding architecture showed scanning capabilities
in −45◦ ≤ θ ≤ 45◦. Given the consistency of these results, it can be said
that the balanced probe feeding technique seems to be dictating the achievable
cross-polarization in these antennas. On the other hand, none of these designs
comply with the weather requirements of cross-polarization for simultaneous
transmit and receive (STSR) radar operation [13]. This requirement dictates
than even in the diagonal plane, cross-polarization levels of -40 dB are needed
to avoid bias in the polarimetric variables ZDR and φDP . For this reason, a
calibration procedure that corrects the cross-polarization introduced in the
measurements is needed when using these antennas.
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1.3.2 Non-contact Fed Microstrip Patch Antennas
Non-contact fed in microstrip patch antennas implies that the patch is not
in direct contact with the feeding network. These forms of feeding techniques
usually experience higher bandwidths at the cost of a more complex design
[31], [32]. Some of the non-contact feeding techniques that can be used for
weather radars are the aperture and proximity coupling. The aperture coupling
technique, as shown in Fig. 1.5, consists of a transmission line that excites a
slot in the ground plane. The slot then is responsible of coupling the energy to
the patch. This form of excitation allows tuning the feeding network (aperture
and transmission line) independently from the patch geometry which turns into
greater flexibility for impedance control [33]. Also, given that the ground plane
separates the feeding network and the microstrip patch, low cross-polarization
levels can be achieved. Works from [22]–[25] are examples of apertured couple
patch antennas that have been proposed for weather radars.
In [22], the two-probe feeding is combined with the aperture coupling tech-
nique to make a hybrid dual-polarized antenna element. With this hybrid
configuration, cross-polarization levels in the order of -40 dB in the princi-
pal planes (E- and H -plane) can be obtained with scanning capabilities of
−45◦ ≤ θ ≤ 45◦. However, a critical factor is missing in the design: a backing
ground plane to ease integration on a system and avoid possible interaction
of the antenna elements in the back of the array. The aperture coupled patch
antennas shown in [23] and [25] deal with this issue using striplines instead
of microstrip lines to excite the apertures. Nonetheless, they were designed
for applications in which multiple antennas are combined in the same feeding
network making it difficult to wage the performance of the element on its own.


















Figure 1.5: Top and side view of the dual-polarized aperture coupled microstrip
patch antenna geometry in where εrp and εrt are the permittivity for the
microstrip patch and the transmission line dielectric substrates, respectively.
[34]. In contrast to [23] and [25], the separated slots from Fig. 1.5 are combined
into one aperture in the center of the ground plane, underneath the microstrip
patch as shown in Fig. 1.6. This geometry offers other benefits when compared
to the two independent slots configuration. First, by combining both apertures,
a symmetry plane for both polarizations can be drawn which could lead to
lower cross-polarization levels. Secondly, by separating both polarizations with
the ground plane, higher isolation between both polarizations can be obtained
which can also lead to lower cross-polarization. Finally, both H- and V- feeding
networks can be independently controlled to achieve better impedance control.
This antenna configuration showed scanning capabilities for −45◦ ≤ θ ≤ 45◦




















Figure 1.6: Top and side view of the centered-fed dual-polarized aperture
coupled microstrip patch antenna geometry in where εrp and εrt are the permit-
tivity for the microstrip patch and the transmission line dielectric substrates,
respectively. Notice, εrt1 is not necessarily equal to εrt2.
Unfortunately, there are drawbacks related to its feeding network.
Given that H- and V-polarizations can be independently tuned, the design
of the antenna is rather complex. Moreover, for one of the polarizations, part of
the probe that excites the transmission line would be exposed underneath the
radiator. This probe has the potential of producing spurious radiation that can
raise the cross-polarization of the antenna. Additionally, the architecture does
not contain a backing ground plane, which can result in possible interactions
between the antennas in the back of the array. Despite these drawbacks, this
architecture was one of the final candidates to become part of the Airborne
















Figure 1.7: Top and side view of the dual-polarized proximity coupled microstrip
patch antenna geometry in where εrp and εrt are the permittivity for the
microstrip patch and the transmission line dielectric substrates, respectively.
C-130 aircraft [24].
The other form of non-contact feeding for microstrip patch antennas is
the proximity coupling. Proximity coupling, as shown in Fig. 1.7, uses a
transmission line in close proximity to the microstrip patch as an excitation.
Like microstrip-fed patch antennas, two more transmission lines can be added
(one to each polarization) to balance the feeds and obtain symmetric planes for
the excitations as it was presented in [35]. Out of all of the other feeding mech-
anisms for a patch antenna, proximity coupling exhibits the highest operational
bandwidth [28], [36]. Proximity coupling also allows high flexibility for imped-
ance matching given that the dielectric substrate for the transmission line does
not have to be the same as the one for the microstrip patch. However, these
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advantages do not come without drawbacks. Even though symmetrical planes
are established in the vertical and horizontal planes, the feeding transmission
lines are still exposed above the ground plane which can introduce spurious
radiation in the antenna. Proximity coupling microstrip patch antennas have
not been integrated on any phased array weather radar project at the time this
document was written.
Comments on Non-contact Fed Microstrip Patch Antennas
In contrast to contact-fed, non-contact fed microstrip patch antennas allow
independent tunning of the feeding network, to control the impedance response
of the resonator with the added advantage of wider bandwidths. Moreover,
non-contact fed microstrip patch antennas have shown cross-polarization levels
that are comparable to those presented in the balanced probe fed architecture.
These results are rather intriguing given that two different feeding mechanisms
exhibit similar results for scanning performance and cross-polarization, even
though multiple dielectric substrate stackup configurations were used. On the
other hand, the results are also somewhat disappointing. None of the presented
feeding mechanisms for microstrip patch antennas have been able to lower the
cross-polarization levels to those required by weather polarimetry. From these
results, it appears that a fundamental limit on the achievable cross-polarization
is being imposed on microstrip patch antennas. This limit seems to depend
on physical characteristics of the radiator and is not necessarily related to the
feeding network.
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1.3.3 Non-standard PCB Antennas
Rather than using standard PCB manufacturing techniques, some authors
have proposed antenna designs that benefit from PCB technology but requires
non-standard assembly procedures. The most famous example of this archi-
tecture is the printed crossed dipole antenna [26]. The printed crossed dipole
antenna, as shown in Fig. 1.8, uses PCB technology to produce a microstrip
line version of a dipole with a reactive balun on a dielectric substrate. A
dual-polarized radiator can be made by introducing a notch from the top and
through the vertical center of the antenna and combining it with another that
has the complementary cut (i.e., a cut from the bottom of the antenna through
the vertical center). To direct the energy, a mounting slotted ground plane is
introduced at the dipole’s base. To make the antenna operational, the different
ground planes should be combined. This can be achieved by using soldering
paste or any conductive material that can bond them together and realize a
continuous ground.
In terms of performance, the printed crossed dipole antenna presented in
[37] cross-polarization levels below -40 dB in the vertical and horizontal planes.
Unfortunately, the scanning capability of the antenna out of the principal
planes was not shown. In a later publication by the same author [38], the
cross-polarization for a 6 x 6 scanned array was shown to be -30 dB in the
diagonal plane. As it is known from the literature [39], the measured cross-
polarization in a small array is not going to be the same as the one predicted
by the embedded element pattern due to the presence of edge effects in the
truncated non-infinite ground. Even though promising, it is not clear what will
























Figure 1.8: Top and side view of the printed crossed dipole antenna geometry
in where εrd is the permittivity of the dipole dielectric substrate.
1.4 Problem Statement
After reviewing the literature for radiating elements that could satisfy all
weather polarimetry requirements in PARs (e.g., scanned cross-polarization
levels of -40 dB), is clear that no antenna has shown the capability of fulfilling
these in a planar phased array. In fact, all reviewed antennas would need to rely
on some sort of bias calibration procedure to compensate for cross-polarization
and co-polar beam mismatch introduced in the measurements. For this reason,
there is a gap in the weather community for functional antenna elements
that can exhibit scanned cross-polarization of -40 dB and low co-polar beam
mismatch under real world conditions.
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1.5 Justification
Dual-polarized antennas with scanned cross-polarization levels of -40 dB
and perfect co-polar beam mismatch can be found in theory. They are modeled
as a superimposed electric-magnetic dipole element. Alas, these antennas
cannot be made for practical designs. They cannot be made because the
dipoles radiate energy in almost all directions without a ground plane. Then,
when they are placed with a ground plane to make the antenna directive, the
reflected energy from the ground plane suffers a phase offset that introduces
cross-polarization and co-polar beam mismatch. In practice, the reflected
radiation from the ground can be controlled. In other words, there might be
an antenna architecture that can show some degree of destructive interference
in the cross-polarization with minimal co-polar beam mismatch when some
physical characteristics of the design are properly tuned.
1.6 Hypothesis
From previous works it is seen that aperture coupled microstrip patch
antennas have shown cross-polarization improvements in the diagonal plane
when compared to the balanced probe-fed configuration. However, it is difficult
to say what is the reason for such improvements, especially when these could
have originated from one or multiple sources within the antenna geometry.
Thus, this work hypothesized that proper control of the reflections coming
from the ground in planar antenna architectures would lead to lower cross-
polarization levels in phased arrays and that these reflections are controlled
by the physical characteristics (i.e., feeding network, dielectric substrate, and
patch dimensions) of the microstrip radiator.
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1.7 Research Objectives
This work requires identifying the best suited antenna element to satisfy
the requirements of weather polarimetry using PARs. Therefore, to tackle the
design of the best antenna architecture, one has to dive deep into the literature
to comprehend the mechanisms of radiation, the behavior of microwave systems,
the design of electronics, the means of calibration, the art in signal processing,
and in our case, weather and polarimetry. A specific set of objectives were
defined to identify which antenna element is best suited to satisfy weather
polarimetry requirements in PARs.
The first objective is to determine which characteristics make one antenna
better than another. In terms of polarization, the answer might be: “the
antenna that offers the lowest cross-polarization”. However, as one puts together
the whole picture of the system, the answer is more complex than just one
variable. To answer this question, we present a set of metrics established
throughout the literature that would allow differentiation between multiple
antennas. Some of the metrics included in the discussion are: bandwidth,
scanning range, polarization, and calibration. These metrics grant an unbiased
reasoning strategy when deciding which antenna element is better suited than
others.
The second objective is to produce a detailed assessment of today’s phased
array antennas. The assessment is realized by weighing their advantages and
shortcomings through rigorous theoretical and mathematical formulations.
It helps us uncover what kind of antenna architectures are superior for our
purposes. By the end of the study, the best suited antenna architectures to
satisfy weather polarimetry requirements are identified. However, they may or
may not be correlated with practical manufacturing rules.
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This brings us to our third objective: antenna design trade-offs. It is
imperative for the successful deployment of the Horus and other phased array
radars to design antenna elements that conform to standard manufacturing
techniques. We may see antenna designs that do not conform to these standards.
However, by examining the performance metrics, a compromise in the antenna
can be made to reach an efficient design.
Finally, our last objective: the successful design of antennas for phased
arrays. The antennas are designed using all acquired knowledge in a full wave
electromagnetic solver. Once manufactured, the antennas are measured and
validated against the expected performance acquired with the simulator.
These objectives ultimately form the goal of making operational antenna
designs for the next generation of phased array weather radars.
1.8 Contributions
Attention in the development of state-of-the-art phased array radar sys-
tems has increased over the past few years [40]–[43]. Due to these systems
development, antenna designs with excellent polarization characteristics were
developed and published [21], [22], [44], [45]. However, most of these designs
were made without much insight into the intrinsic limitations or advantages in
some antenna architectures. For this reason, one of the main contributions of
this work is the compilation of robust mathematical formulations and modeling
techniques that allowed us to confidently say which antenna elements are best
suited for weather phased array radars.
Following these results, multiple antenna designs were made for some of the
current and future platforms for the weather community. The Horus antenna
[42], [44], an aperture coupled microstrip patch that includes a backing ground
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plane at the bottom of the structure for ease of electrical aperture integration.
Made from two PCB assemblies, its flexibility allows for having the feeding
network completely separated from the antenna radiators which mitigates the
issue of how tall a PCB can be made. The design went directly to hold the
position of lowest scanning cross-polarization antenna ever published. With
expected cross-polarization levels of -30 dB in the diagonal plane and better
than -45 dB in the principal planes, the Horus antenna is capable of scanning
in a cone defined by −45◦ ≤ θ ≤ 45◦.
The Polarimetric Atmospheric Imaging Radar (PAIR), funded by the Na-
tional Science Foundation, is a dual-polarized C-band phased array that has the
potential to study tornadogenesis and other severe weather phenomena with
unprecedented temporal resolution [43]. A four probe-fed microstrip antenna
panel made from 5 electrical layers including a feeding network and a backing
ground plane was developed: by careful design of the aperture and emphasis on
reducing manufacturing costs. In terms of performance, all electrical scanning
capabilities of the project were completely satisfied with this design.
To follow on the success of the Horus antenna design, a collaboration
was setup with the U.S. Naval Research Laboratory to explore the model in
other frequencies. This collaboration sparked the design of the ultra-low cross-
polarization (ULCP) antenna. The ULCP antenna originated after finding
that the dielectric substrate underneath a microstrip patch played more than
a passive role in the performance of cross-polarization. Rather than using
the traditional cavity model to describe the radiation characteristics of the
microstrip patch, the electric current model was used. This led me to discover
that an odd permittivity of about 1.7 underneath the patch would allow the
antenna to reach levels of scanning cross-polarization better than the Horus
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antenna itself [46]. This contribution ultimately answered the question from the
scientific community of what is necessary to achieve ultra-low cross-polarization
in a planar phased array.
Finally, the Horus-ONR project, another state-of-the-art phased array
system that is being developed at the ARRC with the support of the Office
of Naval Research (ONR). Seeking to increase the bandwidth capabilities of
the Horus antenna and maintain its low cross-polarization characteristics, the
Horus-ONR antenna follows a similar design procedure. When compared, the
Horus-ONR antenna almost doubles the bandwidth of its counterpart. Rather
than having different dielectric substrate cores for radiators and feeding network,
the same dielectric substrate is used for both assemblies. This advantage allows
the antenna to have a lower effective permittivity when the stacks are combined
which results in lower surface wave excitation on the array and admissible levels
of cross-polarization. For a complete list of published literature please refer to
Appendix C.
1.9 Overview of Chapters
This work is organized to present dual-polarized phased antenna designs
based on robust mathematical and theoretical formulations to help satisfy
weather polarimetry requirements in PARs. In chapter 2, phased array funda-
mentals are reviewed, and the most important performance antenna metrics are
derived for planar array architectures. In chapter 3, the design trade-offs for
planar phased array antennas are discussed in where special attention is made
to surface waves and its implications on bandwidth and polarization. This
chapter also includes a discussion of the radiation characteristics of multiple
antenna elements typically used in phased arrays. In chapter 4, the design of
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the aperture coupled microstrip patch and the balanced probe-fed microstrip
patch antenna are discussed. These chapters cover antenna modeling, design
trade-offs, manufacturing, and final validation. In chapter 5, the ULCP antenna
design is reviewed along with future steps on how to make a physically realizable
design out of its required geometry. Finally, chapter 6 summarizes the findings
of this dissertation, its conclusions, limitations, and future research.
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Chapter 2
Fundamentals of Phased Array Antennas
2.1 Phased Arrays
A phased array, in antenna theory, is a combination of two or more antenna
elements that can be controlled or positioned independently to constructively
or destructively produce a resultant radiation pattern [47]. Phased arrays are
usually depicted in three major physical geometries: planar, cylindrical, and
spherical, as shown in Fig. 2.1. These geometries can be combined to form new
array configurations depending on the volume scan required for the application.
As demonstrated throughout the literature, any of these geometries can be
used for radar systems [16], [19], [48]. However, for meteorological purposes, the
planar [19] and cylindrical [16] geometries have been the two major contending
array configurations for the next generation of polarimetric weather radars.
There are many reasons (e.g., scanning volume, gain, cross polarization, etc.)
why these two array geometries are preferred for this application. When they
are compared with one another (i.e., planar vs. cylindrical), it is sometimes
difficult to separate which one is best suited for weather radars.
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(a) (b) (c)
Figure 2.1: Phased array antenna configurations for dual-polarized antenna
elements. a) planar array, b) cylindrical array, and c) spherical array.
2.1.1 Phased Array Antenna Geometries
Planar phased arrays have been making great strides towards becoming
the ultimate platform for polarimetric weather radars. With combined efforts
from the NSSL and MIT Lincoln Laboratory (MIT-LL), industry partners
Lockheed Martin and Ball Aerospace, the Federal Aviation Administration
(FAA) and others, the weather community saw the development of the Advanced
Technology Demonstrator (ATD) [19]; a massive dual-polarized polarimetric
radar responsible of weighing phased array technology for weather forecasting.
Rather than having multiple planar faces across a given volume, the ATD uses
a pedestal to rotate a planar phased array to the direction in where weather
phenomena occurs. Nevertheless, as a planar phased array, the ATD exhibits
the advantages and disadvantages that come with its geometry. When the
radar points at boresight, it produces a beam with high efficiency and low
cross polarization. However, as the excitations on the elements are changed
to produce a scanning beam, the planar geometry produces disadvantages.
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Examples of these are: the possibility of a surface wave that jeopardizes the
scanning capability of the array, a roll-off from its maximum achievable gain
that depends on the scanning angular beam position, and cross polarized
radiation that is a function of the antenna that constitutes the array [47].
To compensate some of these shortcomings, the planar geometry requires a
correction [49]; in contrast, these limitations are not present in the cylindrical
geometry [16].
The cylindrical geometry offers an attractive solution that overcomes most
of the issues associated with planar and spherical phased array geometries.
First, each element distributed on the surface automatically points at boresight.
When multiple elements are combined in elevation, they form a planar subarray.
This arrangement gives cylindrical geometries the capability of scanning in
every direction. The best example for this configuration is the Cylindrical
Polarimetric Phased Array Radar (CPPAR). Developed and maintained by the
ARRC, it currently serves as a demonstrator for meteorological research [16].
CPPAR effectively leverages the polarization drawbacks of both planar and
spherical geometries but is not without downsides. As each column in elevation
points away from each other (i.e., subarrays not aligned), there is a loss of
energy in the elements that are combined horizontally. This loss of energy
makes a cylindrical array radiate less efficient beams at boresight than a planar
array. To scan in elevation, the antenna uses a series feed to produce beams that
depend on frequency requiring wide operational bandwidths. An additional
drawback of the geometry is the possibility of creeping waves on the aperture
[50]. Finally, the cylindrical geometry’s difficult design and manufacturing
makes it especially challenging to produce. Nevertheless, a cylindrical array
like CPPAR fulfills weather polarimetry requirements and shows good promise
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as a next generation polarimetric weather radar.
Spherical phased array radars have not been proposed to satisfy weather
polarimetry requirements due to fundamental limitations in the geometry. As
the elements are distributed through the spherical surface, the spacing between
them is not always the same which makes the array factor and the element
patterns dependent on one another. Furthermore, given that the elements are
not parallel to each other, the resultant polarization might not be aligned which
can result in high cross polarization [47]. This problem can be potentially
mitigated by a slight modification in the spherical geometry. The Geodesic
Dome Phased Array Antenna, Advanced Technology Demonstrator (GDPAA-
ATD) [48], is an example of a spherical array made with multiple planar faces.
The geometry used on GDPAA-ATD allows for the array factor and the element
patterns to be separated, simplifying its analysis. Each face can be controlled
independently to make a planar phased array radar that radiates normally to
each array surface. Unfortunately, when considered as a potential solution for
weather radars, this geometry suffers from critical efficiency issues due to its
size.
As it was mentioned before, it is sometimes difficult to separate which
configuration (planar or cylindrical) is better suited for weather radars. In an
ideal world, a cylindrical phased array seems to be a more natural solution
for azimuth scanning, but in a practical world, it is sometimes better to
leverage all available knowledge and experience. The planar configuration offers
scalable designs, easier integration, and extensive list of analysis tools for its
development. Leading us to conclude that a multi-face planar phased array
provides a flexible, efficient, and economic solution, when compared to spherical
and cylindrical arrays. For this reason, this work focuses on evaluating the
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shortcomings of planar phased arrays and use them in the design of antenna
elements that can offer the best performance for polarimetric weather radars.
2.2 Phased Array Fundamentals
To understand the fundamentals of planar phased array antennas, we would
focus our attention to a special configuration called the linear array. A linear
array is an arrangement of N radiating elements positioned on an axis and
separated by a certain distance d, as shown in Fig. 2.2. These elements are
usually connected to a generator that has a certain characteristic impedance
Zo. As the elements are excited, incident (V +) and reflected voltages (V −)
can be defined at the terminals of each antenna. Due to the interaction of
these voltage waves, the element feed ports can be characterized by a NxN







= 0 for k 6= j
. (2.1)
Eq. 2.1 shows that the scattering parameter Sij can be found by driving
port “j” with an incident voltage V + and measuring the reflected wave V −
coming out of port “i” while all other incident voltages are set to zero (i.e.,
terminated in matched loads). The total terminal voltage for the ith element
can be written as






Eq. 2.2 indicates that the total terminal voltage on the ith port is the
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Figure 2.2: Linear phased array antenna characteristics. V ±i refers to the
incident (+) and reflected voltage waves at the terminals of the “i” element, Gi
to the generator, Zo to the characteristic impedance of the generator, d to the
distance between antenna elements, u to the progressive phase shift between
elements to the wavefront, k to the propagation constant of the medium, and
θ to the angle made by the plane wave.
that is coupled to all other terminated antenna ports. To simplify the radiation
characteristics from the antennas, it is assumed that the far-field radiation
produced by an element is proportional to its terminal voltage. That is, the
fields radiated by a particular antenna can be expressed as




where Vo is the applied terminal voltage, f(θ) the dominant radiation of
the element (also known as the isolated pattern), and e−jkr/r represents the
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spherical dependency of the propagated wave. Superimposing the energy of the
elements to the same wavefront and assuming each element radiating similarly
in all directions, the total radiated field of the array is given by







where element “1” is taken as a phase reference, u is given by kd sin θ, k is
the propagation constant of the medium, and d the distance between elements.
Then, to point energy of a beam in the θ0 direction requires the elements to be
phased by
V +n = V0 e−j(n−1)u0 , (2.5)
which allows Eq. 2.4 to be rewritten when combined with Eq. 2.2 as














Eq. 2.6 shows one of the most significant results in phased array antenna
theory which is that the scanned array pattern is not only a function of the
radiation produced by the antennas, but is also dependent on the interaction
between neighboring elements. This conclusion opens a discussion into how
different antennas can influence the performance of a phased array. We will
currently focus on investigating the physical characteristics of the array without
considering any specific antenna. Assuming no interactions between antennas
in the array, Smn → 0 and Eq. 2.6 reduces to
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Eq. 2.7 shows how the physical characteristics of the array are tied to the
overall radiation pattern produced by the aperture without considering the
interaction or mutual coupling between antenna elements. This equation serves
as an instrument to understand how the physical characteristics of the array
influence the overall radiation pattern. We make use of Eq. 2.7 in Section
2.2.1 to understand the fundamentals of phased arrays without the presence of
mutual coupling and later on Section 2.2.2, the discussion will continue with
phased array fundamentals considering mutual coupling.
2.2.1 Linear Array without Mutual Coupling
Number of Elements
We first start by considering how the number of elements in the phased
array influences the radiation pattern. From Eq. 2.7 is evident that number of
elements in the array is proportional to the magnitude of the radiation pattern
in the direction of θ0 for a fixed element spacing d. Fig. 2.3a is constructed
when substituting d = λo/2, f = 3 GHz, θ0 = 0◦, N = 10, 20, or 30 elements,
and normalizing each produced beam to its maximum peak. It can be seen
that the main beam in the radiation pattern gets narrower as the number of
elements is increased while the sidelobe levels (i.e., secondary beam peaks that
are below the highest peak of radiation) remain relatively constant with a value
close to -13 dB. Depending on the application, this array feature can be tuned
to satisfy gain and/or beamwidth requirements.
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Beam Scanning
A progressive phase shift must be introduced in each antenna element in
order to scan the array. Traditionally, phase shifters are used for this task.
A phase shifter is an RF component that is made from ferrites or diodes
which allows to control the signal’s phase at the terminals of the antenna. To
demonstrate beam scanning, the progressive phase shift is calculated from
u0 = kd sin θ0 in where θ0 is the intended beam direction. For a beam scan
of θ0 = −30◦ and substituting k = 2π/λ, λ = c/f , f = 3 GHz, and d = λo/2
yields u0 = −π/2. Fig. 2.3b shows the normalized radiation pattern of a
linear array scanned to −30◦, 0◦ and 30◦. This array feature can be used to
calculate the progressive phase shift for a desired beam and predict the true
beam direction that depends on the resolution of phase shifters.
Weighting Functions
Sidelobes are an important metric for weather radars because their energy
can interfere with measurements. A practical way to control sidelobe energy is
by using weighting functions. A weighting function is a mathematical formu-
lation that allows to control or influence the results of a predefined function.
Weighting functions are traditionally implemented in antenna elements using a
device called attenuator. An attenuator is an RF component made from resis-
tors that allows to lower the magnitude of the voltage signal introduced in the
antenna port. Mathematically speaking, the weighting function is introduced
in Eq. 2.7 by controlling the terminal voltage on each element, making the V0
dependent on the element position. Thus, Eq. 2.7 becomes










Figure 2.3: Different linear phased array antenna configurations and char-
acteristics. (a) Normalized radiation pattern for a linear phased array with
d = λo/2, f = 3 GHz, θ0 = 0◦, and N elements: 10-black, 20-blue, 30-red.
(b) Normalized radiation pattern for a linear phased array with d = λo/2,
f = 3 GHz, N = 30, and θ0 scanning beams: −30◦-black, 0◦-blue, +30◦-red.
(c) Normalized radiation pattern for a linear phased array with d = λo/2,
f = 3 GHz, N = 30, θ0 = 0◦, and weighting Taylor function of 5 nearly
constant sidelobes: −20-black, −25-blue, −30-red. (d) Normalized radiation
pattern for a linear phased array with f = 3 GHz, N = 30, θ0 = 0◦, and d
spacings: λ/4-black, λ/2-blue, λ-red.
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where V0,n refers to the terminal voltage in the nth element. Fig. 2.3c shows
the normalized radiation pattern using a Taylor weighting function with 5
nearly constant sidelobe levels of −20, −25, and −30 dB. The linear array in
consideration has d = λo/2, f = 3 GHz, N = 30, θ0 = 0◦. It’s important to
mention that the use of weighting functions is not limited to sidelobe level.
Some weighting functions are tailored to control the main beam shape in
terms of beamwidth or magnitude and others in suppressing interferences from
measurements.
Array Spacing
The spacing between elements in a phased array is responsible of setting
most of the radiation characteristics of the aperture. To understand how
the spacing controls the radiation characteristics of the array, let us consider
the case of a linear array with a fixed number of elements N . For a given
operational frequency f and intended beam pointing direction θ0 = 0◦, no
matter the spacing between the elements, the array would always produce
constructive energy resulting in a main peak of radiation at θ = 0◦. In all
other directions, the radiation between the elements is combined constructively
or destructively resulting in a pattern that depends on the array spacing d.
However, it is also true that when u − u0 = 2πm, where m can take the
value of any integer, the phased array would produce other main peaks of
radiation. These secondary peaks of radiation are called grating lobes and for
most applications, including ours, they are an unwanted source of radiation.
For a grating lobe to exist in the θg direction, the relation u− u0 must satisfy
2π d
λ
(sin θg − sin θ0) = 2πm → sin θg = sin θ0 +mλ/d, (2.9)
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for |sin θg| ≤ 1. To illustrate the radiation pattern characteristics as a function
of the spacing d, we substitute in Eq. 2.7: f = 3 GHz, N = 30, θ0 = 0◦
and d = λo/4, λo/2, and λo. The results of the substitution are presented in
Fig. 2.3d. It is clear that when d = λo, two secondary peaks of radiation
are produced in ±90◦; which is consistent with Eq. 2.9 in the case where
m = ±1. Comparing with the other results, the beamwidth produced with this
configuration (d = λ) is narrower than when d = λo/4 or λo/2 even though
all have the same number of elements. This result is part of the tradeoffs of
phased array design in which the beamwidth, sidelobe levels, and gain can be
influenced by the size of the aperture; which is in turn a function of the array
spacing. For a polarimetric PAR for weather observations, all of this flexibility
is somewhat constricted by the requirement of not having grating lobes in the
radiation pattern. To derive a spacing criteria that avoids the presence of any
grating lobes requires Eq. 2.9 to be rewritten as
dmax ≤
λo
1 + sin θmax
, (2.10)
where dmax refers to the maximum allowable spacing in the array before
introducing grating lobes at the reduced scanning angle θmax. This condition
says that in order to scan the array from θ = −90◦ to 90◦, the spacing between
elements has to be lower than λ/2. For a weather radar intended to scan
from θ = −45◦ to 45◦, the spacing condition increases to 0.586λ at the highest
operational frequency. As we have seen, the spacing between elements play
an important role in the radiation characteristics of planar phased arrays.
However, we have been disregarding the effects of mutual coupling. In the next
section we focus on the effects of mutual coupling in planar phased arrays.
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2.2.2 Linear Array with Mutual Coupling
Mutual coupling in phased arrays is often referred to as the interaction be-
tween antenna elements. This interaction occurs in the form of electromagnetic
energy and is highly dependent on the physical characteristics of the antenna
that makes the array. The radiation characteristics of a phased array including
mutual coupling are given by Eq. 2.6, in where it is assumed that each element
on the array is driven with the same excitation and radiating similarly in all
directions. For Smn 6= 0, microwave theory [51] defines the active reflection





where V +m refers to the directed and V −m to the reflected voltage waves at the
terminals of the antenna. The ARC for the linear array can be found from Eqs.















The ARC is a bridge between the physical characteristics of the array or
aperture and the intrinsic parameters of the antenna element. It can be used
to predict how the excited array would perform under different operational
conditions (i.e., across frequency, angular scanning position, etc.). According
to Eq. 2.12, the ARC can be found by adding the mutual coupling terms (i.e.,
Smn terms for m 6= n) with the self-reflections (Smn where m = n) of the “mth”
element. Now, let us consider the active element pattern (AEP) for the “mth”
element in which we set all other neighboring generators to 0 (i.e., V +n = V0
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for m = n and V +n = 0 for m 6= n while V −n = SnmV0). Using Eq. 2.4 and
substituting directed and reflected voltages, the AEP for the “mth” element is
written as












In the case in where all elements are passive (i.e., Smn = Snm), we can






thus, allowing the AEP to be rewritten in terms of the ARC as
E em(r, θ) = f(θ)
e−jkr
r
V0 [1 + Γm(−θ)] ej(m−1)u. (2.15)
Notice that all of the previous discussions have assumed f(θ) as the dominant
component of radiation or electric fields. Following a similar procedure as for
E em, the magnetic fields for the “mth” element can be written for a normalized
feed line characteristic impedance (i.e., I+m + I−m = V +m − V −m ) as





[1 − Γm(−θ)] ej(m−1)u, (2.16)
where η0 is the intrinsic impedance of the medium. Using Eqs. 2.15 and 2.16,
[53] shows the gain of the embedded element pattern
G em(θ) = Go(θ)[1−|Γm(−θ)|2], (2.17)
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where Go = 4πf 2(θ)/η0. If the array was infinitively large or had a large
number of elements, where the center one is considered, a symmetric condition
is established and Γm(−θ) can be replaced by Γ(θ) allowing Eq. 2.17 to be
rewritten as
G em(θ) = Go(θ)[1−|Γ(θ)|2]. (2.18)
Eq. 2.18 shows the ARC and the AEP being two sides of the same coin. One
can measure the AEP of an element near the center of the array and through
Eq. 2.18 find the ARC. Alternatively, one can measure the S-parameters of
the phased array using a network analyzer to find the ARC from Eq. 2.12 and
calculate the AEP through Eq. 2.18. For the fully excited array, the magnetic
fields are written in terms of currents, and combined with the electric fields
from Eq. 2.7, allows the gain of the aperture to be expressed as [51]
Ga(θ) = NG em(θ). (2.19)
It can be seen from Eq. 2.19 that the radiation pattern of a fully excited
array is only a function of the number of elements in the aperture and the AEP.
Thus, the radiation characteristics of a phased array can only be found by
finding the ARC or AEP. One important aspect of this result, is the assumption
of the array having a large number of elements. As it was previously discussed,
the ARC is highly dependent on the physical characteristics of the antenna that
makes an array. If a linear array with a large number of elements is considered,
the interactions between antennas would only occur along one dimension. Even
though an ARC exists for such array, its result would not truly reflect the
performance of a planar array due to truncated interactions of mutual coupling
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in the orthogonal dimension.
2.2.3 Planar Phased Arrays
The radiation characteristics of a planar array are obtained by expanding the
familiar linear array into two dimensions and making appropriate allocation of
the space factor for each antenna element. From [47], [53], the two-dimensional
(2D) active reflection coefficient for the “mnth” element in an array on the








where θ is the angle made from the z-axis to the xy-plane, φ the angle made from
the x- to the y-axis, u the space factor along the x-axis given by kdx sin θ cosφ,
v the space factor along the y-axis given by kdy sin θ sinφ, and p, q refers to the
physical position of the elements on the array. For the radiation characteristics
of the planar array, the 2D AEP as a function of the ARC is given by
G e(θ, φ) = 4πab
λ2
[1−|Γ(θ, φ)|2] cos θ, (2.21)
with a and b corresponding to the width and the length of the antenna unit
cell. Lastly, the active aperture pattern (AAP) is given by
G a(θ, φ) = NG e(θ, φ). (2.22)
Although no mention on how to characterize dual-polarized antennas has
been made, work from [54] show that low coupling between horizontal and
vertical channels has little influence in the estimation of the ARC. For this
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Figure 2.4: Printed dipole antenna unit cell using periodic boundary conditions
and floquet port excitations in HFSS. The dimensions of the antenna are as
follows: unit cell size dx = dy = 50 mm, extension of unit cell from the top
face of the dielectric dz = 50 mm, dipole width Wd = 2 mm, dipole length Ld
= 42 mm, and dielectric height hd = 25 mm with εr = 2.2. A lumped port
with an impedance of 73 + j42.5 Ω was used between the two dipole arms.
reason, the H- and V-channels of dual-polarized phased array antennas designed
in this work are characterized independently from one another. In Section 2.3,
an antenna element is analyzed using Ansys HFSS [55] to show a variety of
antenna metrics including: realized gain, bandwidth, mutual coupling, ARC,
and AEP. The analysis shows that Eqs. 2.20 - 2.22 are not necessarily accurate
when characterizing finite arrays from infinite array simulations. The analysis
also serves as a guide for presenting the results of the antenna elements designed
and shown in chapters 4 and 5.
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2.3 Phased Array Antenna Modeling
Infinite and finite array designs are simulated here using a full wave electro-
magnetic solver called High-Frequency Structure Simulator (HFSS, a product
from Ansys)[55]. HFSS uses floquet port analysis as its basis for modeling
infinite arrays, which allows for the direct calculation of the AEP and the ARC
of an antenna unit cell. HFSS also provides modeling guidelines for antenna
unit cells on a variety of configurations. Hereinafter, all guidelines regarding
unit cell size, floquet port excitations, and boundary conditions are followed
for infinite and finite arrays.
2.3.1 Infinite Array Analysis
A printed dipole antenna unit cell was setup in HFSS using the geometry
shown in Fig. 2.4, with the purpose of extracting its frequency response (at
boresight) and scanning capabilities at center frequency (3 GHz). It can be seen
in Fig. 2.5a that the antenna has a boresight ARC below -10 dB (or 0.3162 in
linear scale) across 296 MHz. This threshold (ARC ≤ -10 dB) is usually referred
in the literature as the bandwidth (BW) of the antenna, and in this case, the
printed dipole exhibits a BW of 296 MHz or fractional bandwidth of 10% (i.e.,
BW/(fmax − flow)/2). The boresight realized gain can be calculated using
the ARC shown in Fig. 2.5a in combination with Eq. 2.21, for θ = θo = 0◦.
Fig. 2.5b shows the boresight realized gain for the printed dipole compared
to the theoretical gain of an antenna with the same unit cell dimensions. The
theoretical gain has a positive slope across frequency and is always greater
than the realized gain. This result will hold true for any antenna on a planar
configuration (i.e., theoretical > realized gain).
Moving over to scanning capabilities, Fig. 2.5c shows the ARC for the
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(a) ARC at Boresight (b) Realized Gain at Boresight
(c) ARC Cuts (d) AEP Cuts
Figure 2.5: Characterization of an infinite array made out of printed dipole
antennas using the unit cell shown in Fig. 2.4. a) Active reflection coefficient
at boresight. b) Theoretical and realized gain at boresight. c) Active reflection
coefficient cuts for E-, D-, and H -plane. b) Active element pattern cuts for E-,
D-, and H -plane.
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printed dipole as it is scanned along the E- (along the antenna polarization cut),
D- (between the polarization and the orthogonal cut), and H -plane (orthogonal
to the antenna polarization cut) in linear scale at 3 GHz. It is evident that the
antenna can sustain an ARC below 0.3162 (or ≤ -10 dB) for the D- as well as
most of the H -plane. However, as the antenna is scanned in the E-plane, it
exhibits an ARC of 1 near ± 45◦. This condition is known as a scan blindness
and it produces a null in the radiation pattern of the antenna, as shown in
Fig. 2.5d. This blindness is a byproduct of the dielectric coated ground in the
printed dipole antenna through a surface wave, and it can be predicted using
transcendental equations, as shown in Section 4.2. In the next section, the
performance of the printed dipole antenna on an infinite array is approximated
by finite array simulations.
2.3.2 Finite Array Analysis
HFSS provides the finite array Domain Decomposition Method (DDM)
which reuses the antenna unit cell meshed geometry to estimate the performance
of a finite array. A simulation was setup in HFSS using DDM for a finite
15 x 15 array made from printed dipoles, integrating the geometry shown in
Fig. 2.4. In contrast to the infinite array, finite array simulations using DDM
produce the S-parameters matrix of the array which carries the mutual coupling
interactions between elements. This feature allows the user to retrieve the array
performance metrics in two dimensions (i.e., for all θ and φ) by only meshing
one geometry and using Eqs. 2.20 - 2.22. This is a significant reduction in
simulation time from an infinite array, for which every pointing angle must be
solved independently.
Fig. 2.6a and Fig. 2.6b shows the mutual coupling in the array using the
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(a) 2D Mutual Coupling (b) Mutual Coupling Cuts
(c) 2D ARC (d) ARC Cuts
(e) 2D AEP (f) AEP Cuts
Figure 2.6: Characterization of a finite 15 x 15 printed dipole antenna array.
a) Two-dimensional coupling terms with the center element as a reference. b)
Mutual coupling cuts along horizontal, vertical, and diagonal cuts. c) Active
reflection coefficient for the center element based on the 2D couplings. d)
Active reflection coefficient cuts for the E-, D-, and H -plane. e) Active element
pattern for the center element based on the 2D ARC. f) Active element pattern
cuts for the E-, D-, and H -plane.
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center element as a reference. It can be seen that the center element has a
self-reflection close to -10 dB with consistently higher couplings in the E-plane
after the third element (see Fig. 2.6b). This self-reflection is not the same as
the ARC of the element, which includes the mutual coupling interactions. To
estimate the ARC, the S-parameters matrix of the array is used in combination
with Eq. 2.20. In Fig. 2.6c and 2.6d the ARC for the center element in the
printed dipole array is shown; with passive reflections dropping from -9.35
dB (see Fig. 2.6b) to -17.24 dB (0.1374 linear, see Fig. 2.6d) at boresight,
when the element is active. When compared to the infinite array, the finite
array simulation fails to show scan blindness (ARC = 1) in the E-plane at
angles close to θ = ± 45◦. This result is part of the limitations of simulating
or measuring finite arrays, with a small amount of elements, to try and predict
the performance of an infinite array. This divergence can only be mitigated
by measuring or simulating bigger finite arrays to approximate infinite array
performance. Finally, the AEP for the finite array is calculated using Eq. 2.21
and the ARC results shown in Fig. 2.6c. It is now more evident from Fig. 2.6e
and 2.6f that the AEP through finite array simulation shows only a 4 dB dip
in radiation intensity from boresight, which does not accurately represent a
theoretical scan blindness condition.
2.4 Summary
All relevant fundamentals used through this work have been discussed in
this chapter. Section 2.1 discussed the differences between planar, cylindrical,
and spherical phased array geometries. Additionally, we advocated that planar
phased array geometries serve as efficient solutions for current and future
multi-function PAR projects. In Section 2.2, planar phased array performance
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metrics such as ARC and AEP were described. It was proved that the ARC
and the AEP are related by the same mathematical construct thus, one can
be derived from the other. The aforementioned, were only defined for phased
array antennas with large number of elements. It is only through these metrics
that the true radiation characteristics of a planar array are predicted. Section
2.3 explored the limitations of the ARC and the AEP through infinite and
finite array simulations and a strong divergence between the results was found.
It was stated that this divergence can be mitigated by measuring or simulating
bigger finite arrays. In chapter 3, design trade-offs for planar phased array




Planar Phased Array Antenna Design Trade-offs
There are many factors to consider when designing a phased array such as
bandwidth, scanning range, and radiation patterns but, as it was proved in
chapter 2, the phased array performance is mainly dictated by the antenna
element that makes the array. Hence, this chapter focuses in understanding
the characteristics of typical antenna elements used today in planar phased
arrays. These characteristics are analyzed through the co- and cross-polarized
radiation patterns which can influence phased array calibration and have a direct
link to polarimetric weather requirements of the antenna. Section 3.1 covers
antenna polarization fundamentals including Ludwig definitions of polarization,
weather radar polarization, and the intrinsic cross-polarization. Section 3.2
discusses phased array antenna calibration and how it relates to intrinsic cross-
polarization. Sections 3.3 through 3.5 estimates the radiation characteristics
of wire, aperture, and microstrip patch antennas using formulations based on
electromagnetic theory and simulating tools (i.e., HFSS).
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3.1 Antenna Polarization
Antenna polarization refers to the curve traced by the instantaneous electric
field radiated by the antenna in a plane perpendicular to the radial direction
[28]. The orientation of these fields depend on a coordinate system where the
antenna polarization is evaluated [56]. For this reason, there has been some
controversy regarding antenna polarization definitions and the appropriate
coordinate system to perform weather measurements. The widely accepted
definitions of polarization used for describing radiated fields orientation in
antennas are discussed in the following section.
3.1.1 Ludwig Definitions of Polarization
Ludwig [57] defines three definitions of polarization for antenna measure-
ments based on different coordinate systems: L1 or first - two unit vectors in a
rectangular coordinate system; L2 or second - spherical unit vectors tangential
to a spherical surface, and L3 or third - co- and cross-polarization as “what
one measures when antenna patterns are taken in the usual manner,” with
their geometries shown in Fig. 3.1. In most antenna applications, the first
definition of polarization leads to innacuracies, because the radiated fields of
an antenna in the far-field region are tangential to the surface of sphere, when
the antenna is located at its center. Ludwig’s second definition of polarization
or L2-I is defined for a y-polarized infinitesimal electric dipole where co- and
cross-polarization patterns are given by,
uL2−Ico =
Eθ cos θ sinφ+ Eφ cosφ√




Figure 3.1: Definitions of co-polarization and cross-polarization for the three
definitions of Ludwig [57]. Reprinted from [56] © 2018 IEEE.
uL2−Icross =
Eθ cosφ− Eφ cos θ sinφ√
1 − sin2 θ sin2 φ
, (3.2)
where θ defines the angle from the z-axis to the xy-plane, φ the angle from the
x- to y-axis, Eθ the electric field component along the θ̂ direction, and Eφ the
electric field component along the φ̂ direction. The coordinate system associated
with this definition is Azimuth/Elevation (AZ/EL) and its components are
given by [58],
AZ = tan−1(cosφ tan θ) (3.3)
and
EL = sin−1(sin θ sinφ). (3.4)
An extension on Ludwig’s second definition of polarization is L2-II, as
shown in [56]. L2-II considers an x-polarized infinitesimal electric dipole with
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co- and cross-polarization defined as,
uL2−IIco =
Eθ cos θ cosφ− Eφ sinφ√




Eθ sinφ+ Eφ cos θ cosφ√
1 − sin2 θ cos2 φ
. (3.6)
The coordinate system associated with L2-II is Elevation/Azimuth (EL/AZ)
and its components are given by [58],








The previous equations for co- and cross-polarization in Ludwig’s 2-I and 2-II
show that the radiation components from these dipoles are not orthogonal with
each other. In fact, the dot product operation of the co- and cross-polarization
unit vectors (neglecting sign changes) leads to,
ûL2−I · ûL2−II = cosφ sinφ sin
2 θ√
cos2 θ + 0.25 sin4 θ sin2 2φ
. (3.9)
This non-orthogonality condition suggests that the radiation patterns for
each dipole are different and not simple 90◦ rotated copies of one another.
To better illustrate this result refer to Fig. 3.2. It can be seen that for the
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coordinate system AZ/EL, the y-polarized dipole in L2-I produces co-polarized
radiation nulls in EL = ±90◦ with no cross-polarization (see Fig. 3.2a and 3.2b).
In the other hand, L2-II requires a different coordinate system (i.e., EL/AZ)
to produce the expected radiation nulls of the dipole at AZ = ±90◦ with no
cross-polarized radiation (see Fig. 3.2c and 3.2d). It is now evident that the
polarization definitions L2-I and L2-II are not equal and they describe two
non-orthogonal polarization bases. In contrast to L2-I and L2-II, Ludwig’s third
definition of polarization allows for interchanging the co- and cross polarization
patterns by rotating the antenna 90◦ using the spherical coordinate system
Theta/Phi (θ/φ).
Ludwig’s third definition of polarization is defined using two antennas at
far-field: an antenna under test (AUT) and a measuring single-polarized probe.
For E- and H -plane, the aligned polarizations would yield the same results for
co- and cross-polarization found in either L2-I or L2-II. However, as the AUT
is rotated outside of the principal planes, angular dependencies are introduced
in the measurement making the probe sample cuts that are non-constant over
the radiation sphere of the AUT. Fig. 3.3 shows the co- and cross-polarization
radiation patterns for infinitesimal electric dipoles polarized in x- and y-axis
using L3. It can be seen that the co- and cross-polarization components are
equal regardless of the dipole’s orientation using the spherical coordinate system
θ/φ. Ludwig’s third definition of polarization produces cross-polarization for
the infinitesimal electric dipoles when compared to L2-I or L2-II. This presents
the question, which polarization basis and coordinate system should be used
for polarimetric weather radars?
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(a) Co-polarization L2-I (b) Cross-polarization L2-I
(c) Co-polarization L2-II (d) Cross-polarization L2-II
Figure 3.2: Co- and cross-polarization radiation patterns based on Ludwig’s
second definitions for infinitesimal electric dipole antennas. a) Co-polarized
radiation pattern for a y-polarized dipole. b) Cross-polarized radiation pattern
for a y-polarized dipole. c) Co-polarized radiation pattern for an x-polarized
dipole. d) Cross-polarized radiation pattern for an x-polarized dipole.
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(a) Co-polarization L3-Y (b) Cross-polarization L3-Y
(c) Co-polarization L3-X (d) Cross-polarization L3-X
Figure 3.3: Co- and cross-polarization radiation patterns based on Ludwig’s
third definition for an infinitesimal electric dipole antenna. a) Co-polarized
radiation pattern for a y-polarized dipole. b) Cross-polarized radiation pattern
for a y-polarized dipole. c) Co-polarized radiation pattern for an x-polarized
dipole. d) Cross-polarized radiation pattern for an x-polarized dipole.
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3.1.2 Polarization of Weather Radars
Traditional weather polarimetry directly correlates the radar polarimetric
measurements with hydrometeor properties such as size and canting angle [59].
This results in the antenna having H-polarization lying in a plane parallel to
the surface of the Earth and V-polarization approximately perpendicular to the
aforementioned plane [60]. In this configuration (i.e., H/V), traditional weather
polarimetry follows the coordinate system defined by Ludwig’s second definition
of polarization, more specifically, L2-I. The result of using this polarization
basis is the presence of undesirable measurement biases that can be much
larger than the intrinsic values of the measured polarimetric variables [60].
These biases then need to be removed by simulateusly adjusting the amplitude
and phase of the dual-polarized elements in the array [49]. To overcome these
issues, some authors have proposed the use of Ludwig’s third definition of
polarization for weather measurements [61]. Weather measurements using
L3 would allow for better co-planar beam matching and lower biases due to
cross-polarization. Another benefit that stems from L3 as polarization basis for
weather measurements is that each polarization can be synthesized individually,
which would make polarized beam synthesizing process easier and more flexible
[61]. It does not mean that there is no biases introduced using L3 instead of
L2, but it brings up a fundamental question: which polarization definition is
more suited for weather measurements? This question is not answered here
because there is not enough evidence in the literature to justify one or the
other. However, in this work we propose the use of intrisic cross-polarization
to characterize dual-polarized antennas for polarimetric weather radars.
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3.1.3 Intrinsic Cross Polarization
The intrinsic cross-polarization (IXR) is a figure of merit (FoM) that does
not rely in a coordinate system to characterize co- and cross-polarization in
dual-polarized antennas [18]. The IXR quantifies the total relative error of
a fully calibrated dual-polarized antenna in the presence of system noise and







where κ(J) refers to the spectral condition number [62] of the Jones matrix.
The Jones matrix is part of the transfer function that relates the incident fields
of arbitrary polarization (i.e., Eu and Ev) to the output voltages (i.e., v1 and













To better illustrate IXR as a FoM for dual-polarized antennas, let us consider
the examples of the infinitesimal electric dipoles shown in Figs. 3.2 and 3.3. It
is clear that the cross-polarization levels between L2-I or L2-II compared to
L3 differ significantly from one another because they are defined for different
coordinate systems (i.e., L2-I and L2-II uses AZ/EL and EL/AZ while L3 - θ/φ).
Fig. 3.3 also shows that the y-polarized dipole produces no cross-polarization
based on L2-I polarization which introduces no bias (i.e., cross-polarization bias)
if used for polarimetric weather measurements in AZ/EL. In the other hand,
on L3, the dipole produces cross-polarization with a maximum of -16.68 dB in
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the D-plane (i.e., θ = φ = ± 45◦) which translates to some cross-polarization
bias in measurements. Now, lets examine a dual-polarized infinitesimal electric
dipole antenna located in the xy-plane using IXR.
By substituying J11 as the co-polarized component of radiation for the x-
polarized infinitesimal electric dipole in L2-I or L3, and J21 as the cross-polarized
component, leaves J12 and J22 as the cross- and co-polarized components of
radiation for the y-polarized infinitesimal electric dipole. Fig. 3.4 shows the
IXR for a dual-polarized infinitesimal electric dipole using the coordinate
systems AZ/EL and θ/φ and polarization definitions L2-I and L3. In this case,
the IXR is equal for both definitions regardless of the reference coordinate
system. Even though not shown here, these results extend to L2-II polarization
or any other pair of fields defined in an orthogonal basis. For scanning positions
near boresight, the IXR takes values higher than 50 dB. This result suggests
a higher level of orthogonality between the channels of the dual-polarized
dipole antenna with similar co-polarized fields magnitudes. As the antenna is
scanned out of boresight, these characteristics are lost (i.e., co-polarized field
magnitudes diverge and cross-polarization increases). Notice that IXR is not
meant to describe cross-polarization, but rather to measure the leakage out of
all possible configurations of the aligned antenna. Thus, an antenna can exhibit
cross-polarization levels below -40 dB while simulateneously have worse IXRs
(e.g., E- and H -plane). In this case, the IXR identifies differences between the
co-polarized fields in H- and V-polarizations which results on ill-conditioned
Jones matrices. However, the main justification for using IXR as a FoM to
characterize polarimetric phased array weather antennas its the direct relation
between the condition number of the Jones matrix and the relative errors in
the final, calibrated polarimetric measurement.
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(a) IXR L2-I θ/φ (b) IXR L3 θ/φ
(c) IXR L2-I AZ/EL (d) IXR L3 AZ/EL
Figure 3.4: Intrinsic cross-polarization (IXR) for a dual-polarized infinitesimal
electric dipole antenna. a) IXR using co- and cross-polarization based on L2-I
using θ/φ as the coordinate system. b) IXR using co- and cross-polarization
based on L3 using θ/φ as the coordinate system. c) IXR using co- and cross-
polarization based on L2-I using AZ/EL as the coordinate system. b) IXR
using co- and cross-polarization based on L3 using AZ/EL as a coordinate
system.
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3.2 Phased Array Antenna Calibration
It has been proved so far that co- and cross-polarization patterns are highly
dependant on coordinate systems. This dependency makes antenna engineers
focus on designing radiating elements with low cross-polarization for different
coordinate systems, disregarding the effects that the coordinate system has
on cross-polarization. Phased array calibration in the context of this work is
the procedure in which cross-polarization biases are removed by simulateously
changing the excitations on the antenna. It also refers to the beam matching
procedure that takes place when the antenna is scanned out of boresight.
Currently, this type of phased array antenna calibration is performed assuming
a polarization basis. Here we propose the use of IXR to characterize the
performance of polarimetric phased array weather antennas. The IXR relates
to the total relative error in a fully calibrated phased array antenna in the















where ‖∆J‖/‖J‖ refers to the total relative error introduced in the calibration
through the Jones matrix, ‖∆f‖/‖f‖ to the reciprocal of the signal-to-noise
ration (SNR), and ‖∆e‖/‖e‖ to the error found in the measured fields. To
understand the significance of this result, let us consider dual-polarized antennas
with IXRs of 10, 20, 30, and 40 dB with fixed ‖∆J‖/‖J‖ and ‖∆f‖/‖f‖. In
these examples, the IXR magnifies the errors by 2/
√
IXR, which corresponds
to an error amplification of 63%, 20%, 6.3%, and 2%. Thus, higher values of
IXR are more desirable for dual-polarized antennas which ultimately refers to
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better antenna calibratability [63]. In the next sections we’ll explore different
antennas used traditionally in phased arrays with the goal of finding the lowest
cross-polarization elements with the highest IXRs.
3.3 Polarization in Wire Antennas
Hereinafter, the electric fields of wire antennas are found using a current
distribution polarized in the y-axis and operating at 3 GHz. It is assumed that
the antennas are center-fed with current vanishing at the end points of the
wires [28]. A coordinate system transformation [64] is used to calculate the
x-polarized electric field components from the theoretically derived y-polarized
expressions. Predicted co- and cross-polarization radiation patterns using L3
polarization are shown and HFSS simulations are used to validate these results.
Lastly, the IXR is calculated using the derived y-polarized field expressions
and the x-polarized components calculated through the coordinate system
transformation.
3.3.1 Dipole Antenna in Free Space
Fig. 3.5 shows the infinitesimal wire dipole antenna geometry with electric
fields Eθ and Eφ given by [28],
Eθ =
−jωµ0I0le−jk0r














Figure 3.5: Wire dipole antenna geometry used for modeling and simulations
where d = 10 mils is the dipole arms diamater, l = 50 mm its full length, and
p = 1 mm the lumped port excitation length with Zo = 73 + j42.5 Ω.
The co- and cross-polarization components using L3 polarization definition
are calculated using the spherical coordinate system defined by −180◦ ≤ θ ≤
180◦ and 0◦ ≤ φ ≤ 180◦ assuming −jωµ0I0le−jk0r/4πr as a constant. These
results are shown in Fig. 3.6. The only difference between Figs. 3.6a and
3.6b to the results shown in Fig. 3.2 is the extension of the radiation sphere
below the the xy-plane. This extension shows cross-polarization levels equal
to the co-polarization in z-axis direction (i.e., θ = 180◦), evidently presented
for theoretical and simulated results in Fig. 3.6c. In the same direction, the
calculated IXR shown in Fig. 3.6d is in the excess of 50 dB. These results present
the complexity when analyzing IXR. In this example, the dipole produces high
cross-polarization in the θ = 180◦ which in theory is bad for polarimetric
measurements. However, this high cross-polarization is accompanied by a high
IXR indicating that the dipole has the potential of receiving signals from that
direction with great isolation if the excitations of the receiver are properly
tuned.
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(a) Co-polarization (b) Cross-polarization
(c) Co- and Cross-polarization Cuts (d) Intrinsic Cross-polarization
Figure 3.6: Radiation characteristics for a wire dipole antenna based on
Ludwig’s third definition of polarization. a,b) Modeled co- and cross-polarized
radiation patterns. c) Modeled (solid lines) and simulated (circle) co- and
cross-polarized radiation patterns cuts for E-(blue), D-(red), and H -plane













Figure 3.7: Horizontal wire dipole antenna geometry used for modeling and
simulations where d = 0.5 mils is the dipole arms diameter, l ≈ 50 mm its full
length, h ≈ 25 mm the distance from the infinite ground, and p = 1 mils the
lumped port excitation length with Zo = 90 + j75 Ω.
3.3.2 Horizontal Dipole over Ground
Fig. 3.7 shows the infinitesimal horizontal wire dipole antenna over a perfect
electric conductor ground that extends to infinity. The electric fields Eθ and
Eφ are found from image theory [28] as,
Eθ =
−jωµ0I0le−jk0r




4πr cosφ AF, (3.16)
where the “AF” term refers to the array factor or superpositioned image of the
fields under the ground and its given by,
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AF = 2j sin(k0h cos θ). (3.17)
The co- and cross-polarization components using L3 polarization definition
are calculated using the spherical coordinate system defined by −90◦ ≤ θ ≤ 90◦
and 0◦ ≤ φ ≤ 180◦ assuming 2jωµ0I0le−jk0r/4πr as a constant. These results
are shown in Fig. 3.8a, 3.8b, and 3.8c for both mathematically derived fields
and simulations. In contrast to the wire dipole in free space, the horizontal
dipole over ground has radiation fields defined only for z > 0. Even though
the co- and cross-polarization are different between the antennas, ultimately
they produce the same IXR, as shown in 3.8d. This result could have been
predicted since Êθ and Êφ define an orthogonal basis that would make the AF
term shown in Eq. 3.17 a constant in the IXR calculation using Eθ and Eφ
components. Nevertheless, these antennas produce a minimum IXR of 15.3 dB
within −45◦ ≤ θ ≤ 45◦.
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(a) Co-polarization (b) Cross-polarization
(c) Co- and Cross-polarization Cuts (d) Intrinsic Cross-polarization
Figure 3.8: Radiation characteristics for a horizontal wire dipole over a ground
based on Ludwig’s third definition of polarization. a,b) Modeled co- and cross-
polarized radiation patterns. c) Modeled (solid lines) and simulated (circle) co-
and cross-polarized radiation patterns cuts for E-(blue), D-(red), and H -plane
(green). d) Modeled IXR for a dual-polarized, horizontal wire dipole over a
ground.
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3.4 Polarization in Aperture Antennas
Hereinafter, the electric fields of aperture antennas are found using a
equivalent current distribution polarized in the y-axis and operating at 3 GHz.
It is assumed that the antennas are center-fed or have a dominant mode
excitation [28]. A coordinate system transformation [64] is used to calculate the
x-polarized electric field components from the theoretically derived y-polarized
expressions. Predicted co- and cross-polarization radiation patterns using L3
polarization definition are shown and HFSS simulations are used to validate
these results. Lastly, the IXR is calculated using the derived y-polarized field
expressions and the x-polarized components calculated through the coordinate
system transformation.
3.4.1 Waveguide Antenna
Fig. 3.9 shows the open-ended waveguide antenna geometry in a ground






















where X and Y define the far-zone fields for a spherical coordinate system
defined as,

















Figure 3.9: Waveguide antenna geometry used for modeling and simulations
where a = 72.136 mm is the width of the waveguide, b = 34.036 mm its height,
and h = 100 mm its length.
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and
Y = kb2 sin θ sinφ. (3.21)
The co- and cross-polarization components using L3 polarization are cal-
culated using the spherical coordinate system defined by −90◦ ≤ θ ≤ 90◦ and
0◦ ≤ φ ≤ 180◦ assuming jabkE0e−jkr/2πr as a constant. These results are
shown in Fig. 3.10a, 3.10b, and 3.10c for both mathematically derived fields and
simulations. It can be seen that the waveguide produces a cross-polarization
that resembles the one found in the wire dipole in free space and horizontal
dipole over a ground. However, it produces highly different co-polarized radia-
tion pattern cuts for E- and H -plane. The reason for this result is the boundary
condition established for the principal planes where E-plane would only vanish
if the dimension of the waveguide b was a multiple of a wavelength. Fig.
3.10d shows the hypothetical IXR calculated for a dual-polarized waveguide
antenna. It is a hypothetical calculation because the design of a dual-polarized
waveguide antenna in this calculation would require the overlap between H/V
polarizations. Nevertheless, a hypothetical dual-polarized waveguide produces
a minimum IXR of 12.2 dB within −45◦ ≤ θ ≤ 45◦.
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(a) Co-polarization (b) Cross-polarization
(c) Co- and Cross-polarization Cuts (d) Intrinsic Cross-polarization
Figure 3.10: Radiation characteristics for the open-ended waveguide antenna
on an infinite ground based on Ludwig’s third definition of polarization. a,b)
Modeled co- and cross-polarized radiation patterns. c) Modeled (solid lines)
and simulated (circle) co- and cross-polarized radiation patterns cuts for E-
(blue), D-(red), and H -plane (green). d) Modeled IXR for a hypothetical















Figure 3.11: Slot antenna geometry used for modeling and simulations where a
= 50 mm is the width of the slot and b = 10 mils its height. The slot is fed at
the center with a lumped port that has an impendance Zo = 362.95 - j211.31
Ω.
3.4.2 Slot Antenna
Fig. 3.11 shows the slot antenna geometry in an infinite perfect electric
conductor ground plane. The slot fields are calculated using the expressions
derived for the waveguide antenna. The only difference between these two
calculated fields is the height of the aperture b, which for the slot is usually
only fractions of its length. For simulations, the slot requires a lumped port
as excitation due to its resonant nature which is different from the waveguide
model that requires a waveport. Fig. 3.12a, 3.12b, and 3.12c shows the co-
and cross-polarization for both mathematically derived fields and simulations.
As expected, there is not a lot of difference between the polarization of the
slot and the waveguide antenna. However, it is clear is that the slot exhibits a
uniform E-plane with a slower roll-off in all other planes. Fig. 3.12d shows the
IXR for a dual-polarized slot antenna producing a minimum of 12.8 dB within
−45◦ ≤ θ ≤ 45◦.
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(a) Co-polarization (b) Cross-polarization
(c) Co- and Cross-polarization Cuts (d) Intrinsic Cross-polarization
Figure 3.12: Radiation characteristics for a slot antenna on an infinite perfect
electric conductor ground based on Ludwig’s third definition of polarization.
a,b) Modeled co- and cross-polarized radiation patterns. c) Modeled (solid
lines) and simulated (circle) co- and cross-polarized radiation patterns cuts for























Figure 3.13: Dielectric-covered slot antenna geometry used for modeling and
simulations where a and b are the width and the height of the slot. The slot
is covered with a substrate that has a dielectric constant εrd and thickness hd.
It is fed with a 50 Ω transmission line that has a width Wt, stub length Ls,
and is offset from the center by Lo. The substrate supporting the transmission
line has a dielectric constant εrt and thickness ht. The predicted theoretical
radiation patterns and simulation model used the following dimensions: a =
50.5 mm, b = 3 mm, εrd = 2.2, and hd = 60 mils, εrt = 3.66, ht = 30 mils, Wt
= 1.68 mm, Ls = 12 mm, and Lo = 11.22 mm.
3.4.3 Dielectric-Covered Slot Antenna
Fig. 3.13 shows the dielectric-covered slot antenna geometry which has
ground plane and substrates extending to infinity. The electric fields Eθ and
Eφ are derived through spectral techniques and are given by [28],
Eθ(r, θ, φ) = f(θ)E0θ (r, θ, φ), (3.22)
and
Eφ(r, θ, φ) = g(θ)E0φ(r, θ, φ), (3.23)
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where E0θ (r, θ, φ) and E0φ(r, θ, φ) refer to the uncovered slot fields shown in
Section 3.4.2. The dielectric effects in the radiation pattern are taken into
account through f(θ) and g(θ) which are found from,
f(θ) = e
jk0h cos θ





cosψ + jZe sinψ
, (3.25)
where ψ, Ze, and Zh refers to the surface impedance or spatial ground reflection
coefficient contributions given by,
ψ = k0h
√
εr − sin2 θ, (3.26)
Ze =
cos θ√





εr − sin2 θ
εr cos θ
. (3.28)
These field expressions are limited to a slot antenna covered by one dielectric
substrate alone. Thus, the radiation on the other side of the slot is not taken
into account which makes the expressions only valid for −90◦ ≤ θ ≤ 90◦.
Any kind of perturbation introduced by the TL substrate in the radiation
patterns are considered in simulations. Fig. 3.14a, 3.14b, and 3.14c shows
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the theoretically derived and simulated co- and cross-polarization radiation
patterns in L3 using the dimensions shown in Fig. 3.13. It is clear that
there assymetries between the simulated and theoretically derived co-polarized
radiation patterns. These assymetries are the result of exciting the slot outside
of its center without a balanced feed. In contrast to the uncovered slot antenna,
the E-plane radiation cut of the dielectric-covered antenna shows a null at θ =
± 90◦ which is introduced by the surface impedance of the modified ground.
Moreover, the dual-polarized dielectric-covered slot shows a mimum IXR of
11.2 dB within −45◦ ≤ θ ≤ 45◦ which reflects a reduction of 1.6 dB from the
uncovered slot antenna.
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(a) Co-polarization (b) Cross-polarization
(c) Co- and Cross-polarization Cuts (d) Intrinsic Cross-polarization
Figure 3.14: Radiation characteristics for a dielectric-covered slot antenna on an
infinite ground based on Ludwig’s third definition of polarization. a,b) Modeled
co- and cross- polarized radiation patterns. Modeled (solid lines) and simulated
(circle) co- and cross-polarized radiation patterns cuts for E-(blue), D-(red),
and H -plane (green). d) Modeled IXR for a dual-polarized dielectric-covered
slot antenna.
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Figure 3.15: Maximum XPD of a dielectric-covered slot antenna in the region
−45◦ ≤ θ ≤ 45◦ and 0◦ ≤ φ ≤ 180◦.
3.4.4 Ultra-Low Cross Polarization Dielectric-Covered
Slot Antenna
The Ultra-Low Cross-Polarization Dielectric-Covered Slot Antenna (ULCP-
DCSA) stems from the field expressions given by the dielectric-covered slot
antenna previously discussed. As it was hypothesized in chapter 1, the reflec-
tions of the dielectric-covered ground interact with the radiation characteristics
of the antenna which is proved by the difference between the minimum IXR
found for the covered and uncovered slots. Here, an algorithm was written to
find the maximum co- to cross-polarization difference or Cross-Polarization
Discrimination (XPD) within −45◦ ≤ θ ≤ 45◦. The XPD is calculated for
different dielectric constants and thicknesses covering the slot. The algorithm
assumes a fixed length and width for the slot which should not have a significant
impact in the overall radiation characteristics.
Fig. 3.15 shows the results of such algorithm finding an ultra-low cross-
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polarization condition for a substrate with dielectric constant of ≈ 1.72 and
thickness of ≈ 0.2175λ. In theory, these dielectric characteristics should
allow the design of an ULCP-DCSA. Fig. 3.16a, 3.16b, and 3.16c show the
theoretically derived and simulated co- and cross-polarization radiation patterns
in L3 using the dimensions from Fig. 3.16. As well as in the regular dielectric-
covered slot antenna, the ULCP-DCSA shows the same co-polarized assymetries
which are the result of exciting the aperture outside of its center with an
unbalanced feed. However, the ULCP-DCSA shows E- and H -plane co-polarized
fields that are closer together which is a desired characteristic for dual-polarized
antennas. Fig. 3.16d shows the IXR for the dual-polarized ULCP-DCSA
exhibiting a minimum of 19.8 dB within −45◦ ≤ θ ≤ 45◦. In spite of these
results, neither the simulated model or the mathematically derived fields
account for the presence of surface waves. Thus, a practical phased array
antenna following on these results will require the elimination of surfaces from
the design or their account with improved models, as shown in [65].
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(a) Co-polarization (b) Cross-polarization
(c) Co- and Cross-polarization Cuts (d) Intrinsic Cross-polarization
Figure 3.16: Radiation characteristics for a dielectric-covered slot antenna with
ultra-low cross-polarization characteristics based on Ludwig’s third definition
of polarization. a,b) Modeled co- and cross-polarized radiation patterns with a
= 49 mm, b = 3 mm, εrd = 1.72, and hd = 21.75 mm. Modeled (solid lines) and
simulated (circle) co- and cross-polarized radiation patterns cuts for E-(blue),
D-(red), and H -plane (green) where the simulation uses: a = 49 mm, b =
3 mm, εrd = 2.2, and hd = 21.75 mm, εrt = 3.66, ht = 30 mils, Wt = 1.68
mm, Ls = 12 mm, and Lo = 10.88 mm. d) Modeled IXR for a dual-polarized
dielectric-covered slot antenna with ultra-low cross-polarization characteristics.
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3.5 Polarization in Microstrip Patch Antennas
The fields of microstrip patch antennas are usually derived in the literature
by employing the magnetic current model [66], [67] or the electric current
model [30], [68]. In the former, the equivalence principle is applied to a surface
sorrounding the patch geometry. Perfect magnetic walls are assumed for the
cavity made by the patch and the ground which makes the radiation viewed as
arising from magnetic currents at the edges of the patch. The application of
this approch usually ignores the effects of the dielectric underneath the patch
while the magnetic currents are assumed to radiate above the ground plane
in free space [69]. The electric current model calculates the radiation directly
from the currents flowing on top of the patch which is based on the direct
Green’s function concept [69]. This method in principle allows for a rigorous
calculation of the radiation fields with no approximations if the currents in top
of the patch are known exactly. The electric current model is used in this work
because it already includes the contributions of radiation from the dielectric
underneath the patch. Assuming radiation of the dominant mode TM10 for
the x-polarized microstrip patch antenna shown in Fig. 3.17, the electric fields
Eθ and Eφ are given by,




























where the subscript i refers to the θ or φ components of the Hertzian electric
dipole source found from,






















Figure 3.17: Microstrip patch antenna geometry used for modeling and simu-
lations where Wp is the width of the patch, Lp its length, and fp the feeding
location for the lumped ports with impedance Zo = 50 Ω. The subtrate
supporting the microstrip patch has a dielectric constant εr and a thickness hd.
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As well as in the dielectric-covered slot, the effects in radiation coming from
the dielectric are taken into account by the F(θ) and G(θ) functions given by,
F (θ) = 1 + ΓT E(θ) = 2 tan(k0hN(θ))tan(k0hN(θ)) − jN(θ) sec θ
(3.33)
and
G(θ) = 1 + ΓT M(θ) = 2 tan(k0hN(θ)) cos θtan(k0hN(θ)) − j εrN(θ) cos θ
, (3.34)
where the far-zone fields are defined as,
kx = k0 sin θ cosφ (3.35)
and
ky = k0 sin θ sinφ, (3.36)
with the auxiliary function N(θ) given by,
N(θ) =
√
εr − sin2 θ. (3.37)
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Fig. 3.18a, 3.18b, and 3.18c show the theoretically derived and simulated co-
and cross-polarization radiation patterns in L3 using the dimensions referenced
in Fig. 3.17 and discussed in Fig. 3.18. The microstrip patch produces the
lowest cross-polarization in L3 between the dipole in free space, dipole over
a ground, waveguide, uncovered slot, and dielectric-covered slot, only second
to the ULCP-DCSA. In terms of co-polarization, an excellent agreement is
found between the modeled and simulated results with great overlap between E-
and H -plane cuts. To calculate the IXR, a coordinate system transformation
[64] is used to estimate the y-polarized electric field components from the
theoretically derived x-polarized expressions. Fig. 3.18d shows the IXR for
a dual-polarized microstrip patch antenna producing a minimum of 24.2 dB
within −45◦ ≤ θ ≤ 45◦, representing an improvement of 4.4 dB over the
ULCP-DCSA.
3.5.1 Ultra-Low Cross-Polarization Microstrip Patch An-
tenna
The Ultra-Low Cross-Polarization Dielectric Microstrip Patch Antenna
(ULCP-MPA) stems from the field expressions given by the electric current
model previously discussed. As it was hypothesized in chapter 1, the reflections
of the dielectric-covered ground interact with the overall radiation characteris-
tics of the antenna. Here, an algorithm was written to find the maximum co-
to cross-polarization within −45◦ ≤ θ ≤ 45◦ for different dielectric constants
and thicknesses underneath the microstrip patch. The dimensions of the patch
are calculated through the transmission line model [28] assuming Lp = Wp.
Fig. 3.19 shows the results of such algorithm finding an ultra-low cross-
polarization condition for a substrate with dielectric constant of ≈ 1.72 and
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(a) Co-polarization (b) Cross-polarization
(c) Co- and Cross-polarization Cuts (d) Intrinsic Cross-polarization
Figure 3.18: Radiation characteristics for a microstrip patch antenna on an
infinite ground based on Ludwig’s third definition of polarization operating at
3 GHz. a) Modeled microstrip patch antenna in HFSS with fp = 3.5 mm, Lp =
Wp = 32.25 mm, hd = 60 mils, and εrd = 2.2. b) Modeled co-polarized radiation
pattern. c) Modeled cross-polarized radiation pattern. d) Modeled (solid lines)
and simulated (circle) co- and cross-polarized radiation patterns cuts for E-
(blue), D-(red), and H -plane (green). e) Modeled IXR for a dual-polarized
microstrip patch antenna.
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Figure 3.19: Maximum co- to cross-polarization difference of a square microstrip
patch antenna derived from the electric current model in the region −45◦ ≤
θ ≤ 45◦ and 0◦ ≤ φ ≤ 180◦ operating at 3 GHz.
thickness of ≈ 0.01λo. In theory, these dielectric characteristics should allow the
design of an ULCP-MPA. Fig. 3.20a, 3.20b, and 3.20c show the theoretically
derived and simulated co- and cross-polarization radiation patterns in L3
using the dimensions mentioned in Fig. 3.20. When compared to the regular
microstrip patch antenna, the ULCP-MPA shows even closer co-polarized
radiation cuts with cross-polarization levels below -40 dB within −48◦ ≤ θ ≤
48◦. Fig. 3.20d shows the IXR for the dual-polarized ULCP-MPA exhibiting
a minimum of 33.8 dB within −45◦ ≤ θ ≤ 45◦, representing an improvement
of 9.6 dB over the regular microstrip patch antenna. Even though the ULCP-
DCSA and ULCP-MPA require different dielectric thicknesses, it is curious
that both antennas require the same dielectric constant to achieve ultra-low
cross-polarization characteristics.
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(a) Co Polarization (b) Cross Polarization
(c) Co and Cross Polarization Cuts (d) Intrinsic Cross Polarization
Figure 3.20: Radiation characteristics for a microstrip patch antenna on an
infinite ground based on Ludwig’s third definition of polarization. a) Modeled
microstrip patch antenna in HFSS with fp = 3.7 mm, Lp = Wp = 36.25
mm, hd = 60 mils, and εrd = 1.72. b) Modeled copolarized radiation pattern.
c) Modeled crosspolarized radiation pattern. d) Modeled (solid lines) and
simulated (circle) co and crosspolarized radiation patterns cuts for E-(blue),




All relevant fundamentals regarding antenna polarization were discussed in
this chapter. Section 3.1 covered the widely accepted definitions of antenna
polarization, the required polarization of polarimetric weather radars, and
the dual-polarized intrinsic cross polarization (IXR). It was shown that co-
and cross-polarization depend on a coordinate system which makes some
antennas radiate cross-polarization when aligned with a particular axis (i.e., y-
dipole vs. x-polarized dipole in L2-I). The IXR was proposed as a convenient
FoM to extract the coordinate systems dependencies of polarization in dual-
polarized weather antennas. Moreover, it was shown that the IXR relates
to the final, calibrated polarimetric measurement errors making it a better
metric to characterize dual-polarized weather antennas. Armed with these
knowlege, multiple antenna architectures (i.e, dipole, horizontal dipole over
ground, waveguide, slot, dielectric-covered slot, and microstrip patch antennas)
commonly used today in phased arrays were evaluated in terms of cross-
polarization and IXR. It was found that microstrip patch antennas provide the




Dual-Polarized Microstrip Patch Antennas for
Polarimetric Weather Radars
4.1 Introduction
It has been shown so far that microstrip patch antennas exhibit the low-
est cross-polarization levels in L3 polarization accompanied by the highest
IXRs among dipole, horizontal dipole, waveguide, slot, and dielectric-covered
slot antennas. Unfortunately, microstrip patch antennas can exhibit narrow
bandwidths, surface waves, and low efficiencies. These disadvantages, however,
can be compensated through improved design. This chapter covers microstrip
patch antenna design trade-offs with the goal of manufacturing practical dual-
polarized radiating apertures. Section 4.2 focuses on understanding the most
important shortcomings present in the design of microstrip patch antennas and
the trade-offs that can be made depending on project requirements. Section 4.3
discusses the results of the designed Horus, Horus-ONR, and PAIR antennas
















Figure 4.1: Grounded dielectric substrate with infinite extension along y- and x-
axis where βsw is the propagation constant of the grounded dielectric substrate,
εr its relative permittivity, and hd its thickness. k̂00 refers to the free space
propagation constant.
4.2 Microstrip Patch Antenna Design Trade-Offs
4.2.1 Surface Waves
A surface wave is an example of a non-uniform plane wave excited in planar
dielectric-coated grounds [51]. Surface waves are characterized by having
amplitude variations along z-axis with propagation in the x-direction and y-
direction, as shown in Fig. 4.1. Surface waves have the potential of introducing
scan blindness in arrays, as it was shown for a printed dipole antenna in Section
2.3.1. Their prescense depend on the thickness of the substrate and its dielectric
constant. Scan blindnesses due to surface waves in planar phased arrays are


















where p and q refer to the integer Floquet mode indexes, dx and dy to the
antenna unit-cell dimensions along x− and y−axis, and βsw and k0 to the
dielectric surface wave and free space propagation constants. The propagation
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constant of the surface wave is found through a graphical method where the
characteristic TE and TM mode equations are simulatenously solved enforcing
field continuity in the air/dielectric interface. The TE and TM mode equations
are given by,
kchd tan kchd = εrhhd, (4.2)
− kchd cot kchd = hhd, (4.3)
where kc and h represent the cutoff wave numbers for the dielectric and the
air region, respectively. The graphical method is accomplished through field
continuity by,
(kchd)2 + (hhd)2 = (εr − 1)(k0hd)2, (4.4)
with TM and TE mode cutoff frequencies given by,





, n = 0, 1, 2... (4.5)





, n = 1, 2, 3... (4.6)
where c0 is the speed of light in a vacuum. Eqs. 4.2 and 4.3 are tangent
functions that intersect the circle defined by Eq. 4.4. These intersections then
represent a possible solution of kc. Eqs. 4.5 and 4.6 provide information about
the cutoff frequencies of the modes and their ordering. Once kc is found, the
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surface wave propagation is calculated from,
βsw =
√
εrk20 − k2c . (4.7)
Fig. 4.2 shows the surface wave mode propagation analysis and the planar
phased array grating lobe diagram for the printed dipole antenna discussed
in Section 2.3.1. The simulated printed dipole model has εr = 2.2 and hd =
25 mm for which two scan blindnesses were found in E-plane at ≈ 45◦ and
in H -plane at ≈ = 81◦, as shown in Fig. 4.2a. These scan blindnesses are
predicted using the graphical method derived from Eqs. 4.2 - 4.7. Fig. 4.2b
shows the TM (red) and TE (blue) mode tangent curves solved for hhd (i.e.,
Eqs. 4.2 and 4.3) intersecting the circle with radius
√
εr − 1(k0hd) drawn with
Eq. 4.4. The TM0 and TE1 mode intersections lead to βsw = 1.28 and 1.01,
respectevily.
Fig. 4.2c shows the grating lobe diagram (black) for the dipole array with
λo/2 spacing and its modified counterpart (blue) including the propagation
constant βsw = 1.28. It is clear that no grating lobes are excited when dx =
dy = λo/2 (i.e., no overlap between black circles). However, when βsw = 1.28,
the black circles are modified to overlay the surface wave mode with a radius
equal to the propagation constant (blue circles). In this particular case, the
modified grating lobe enters the visible region of the array predicting a scan
blindness at ± 45.89◦. Following the same procedure for mode TE1 leads to a
scan blindness at ± 81.73◦. Although both TM0 and TE1 modes intersect both
u- and v-axes in the visible region of the array, their blindnesses occur along
their respective polarizations. For TM0 mode, the blindness is co-polarized
with the E-plane while for TE1 manifests along the H -plane. These results
prove that surface waves could be predicted before starting an antenna design.
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(a) Simulated Dipole from Section 2.3.1 (b) Surface Wave Propagation Analysis
(c) Grating Lobe Diagram for TM0 (d) Grating Lobe Diagram for TE1
Figure 4.2: Surface wave propagation constant analysis and grating lobe
diagrams for a substrate with a dielectric constant of εr = 2.2 and hd = 25 mm.
a) Simulated dipole geometry from Section 2.3.1. b) Surface wave propagation
constant analysis for TE and TM modes. c) Grating lobe diagram considering
mode TM0 where its moved from 90◦ to 45.89◦. d) Grating lobe diagram
considering mode TE1 where its moved from 90◦ to 81.73◦.
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Figure 4.3: Bandwidth capabilities of a square microstrip patch antenna as a
function of dielectric constant and substrate thickness using TL model [69].
Note, dashed lines represent contours bandwidth percentages of 2.5, 5, and
7.5%.
4.2.2 Bandwidth
Possibly the main drawback of using microstrip patch antennas in phased
arrays is their limited impedance bandwidth [31], [67], [71]. Usually, using a
thick substrate material with a low dielectric constant is enough for overcoming
this issue. However, surface waves can propagate as the thickness of the
dielectric substrate is increased. Fig. 4.3 shows the bandwidth capabilities of
a square microstrip patch antenna as a function of substrate thickness and
dielectric constant using the TL model [30]. It can be seen that to achieve a
bandwidth of 10% with a dielectric constant of 2.2, a thickness of ≈ 0.075λo
(i.e., ≈ 295 mils at 3 GHz) is required. This example shows a clear constraint
found in practical microstrip patch antenna arrays designed for low frequencies,
given that these thicknesses exceed manufacturing industry standards.
One way to avoid the use of thick materials, which improves bandwidth, is
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using multisection matching networks (MMN). However, unit-cell size constraint
(i.e., dx = dy = 0.5λo) makes MMN difficult to integrate in planar phased arrays
[31]. Another famous approach to improve the bandwidth is the stacked patch,
which offers increased aperture efficiency when compared to a single patch [72].
This technique allows for a reduction in the dielectric thickness required to
achieve the same bandwidth that a single patch offers while simulatneously
reducing the possibility of surface waves. Therefore, the stacked patch technique
was incorporated in all next-generation weather antennas presented in this
work.
4.2.3 Isolation and Cross-Polarization
The isolation and cross-polarization levels in microstrip patch antennas are
determined by the presence of unwanted excited modes, which relate to the
physical characteristics of the radiating element such as: substrate dielectric
constant and thickness, width/length of the patch, and patch feeding network
[73], [74]. Cross-polarization mitigation techniques have been discussed in the
literature for antenna elements (i.e., antenna element cross-polarization) and
arrays (i.e., cross-polarization of the array). In the latter, mirroring of the
array elements in the aperture have lowered array cross-polarization through
field cancelation of neighboring elements [75]. In this work, we make use of
mirroring techniques at the array level to further improve low cross-polarization
array capabilities. Moreover, we introduce small subarray gaps with continuous
ground planes to reduce the possibility of subarray grating lobes [76] and
edge-diffracted cross-polarization [77].
At the element, dual-polarized microstrip antenna requires for the patch
to have equal or nearly equal length and width. This requirement makes
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the cross-polarization levels to depend mostly in the characteristics of the
feeding network and the dielectric constant underneath the microstrip patch
(as proved in Section 3.5.1). As discussed in chapter 1, the balanced probe-fed
and aperture couple technique are preferred when exciting microstrip patches
because of their low-cross polarization capabilities. However, the aperture
coupled techinique is more suited for low frequency applications or those
requiring higher bandwidths. In this work, we make use of symmetry and
balanced feeding techiniques to cancel near-field interactions that increase
cross-polarization levels in the embedded element radiation patterns.
4.2.4 Efficiency
As well as for the bandwidth, the radiation efficiency of microstrip patch
antennas is mostly dictated by the electrical properties of the supporting
dielectric substrate in the absence of a feeding network. Fig. 4.4 shows
the expected radiation efficiency (i.e., efficiency as a percentage) of a square
microstrip patch antenna as a function of the substrate thickness and dielectric
constant using the TL model [30]. It can be seen that lower dielectric constants
and substrate thickness lead to higher antenna efficiencies. In this work we make
use of low dielectric constants to maximize antenna radiation efficiency while
incorporating reasonably thick substrates to satisfy the bandwidth requirements
of all phased array projects.
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Figure 4.4: Efficiency capabilities of a square microstrip patch antenna as a
function of dielectric constant and substrate thickness using TL model [69].
Note, dashed lines represent contour efficiency percentages of 85, 90, and 95%.
4.3 Next-Generation Phased Array Radar Antennas
4.3.1 The Horus Antenna
The Advanced Radar Research Center (ARRC) has been working with
NOAA’s National Severe Storms Laboratory (NSSL) on an all-digital polari-
metric phased array radar for multi-mission surveillance called Horus [10], [78].
As an all-digital polarimetric phased array radar with multi-mission capabili-
ties, Horus requires an antenna element with very well-matched co-polarized
radiation patterns and low cross-polarization, for all frequencies between 2.7
and 3.1 GHz, in a field of view of ± 45◦. Due to its wide operational bandwidth
and low cross-polarization requirements, the best suited antenna for Horus is
an aperture coupled microstrip patch.
A dual-polarized aperture coupled microstrip antenna requires a ground
plane with crossed-slots for H- and V-polarization excitation, as shown in
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chapter 1, Fig. 1.6. In this configuration, four metallic layers are required.
However, the Horus antenna must include a layer (i.e., metallic layer) for a
parasitic microstrip patch and three for its feeding network. The parasitic
microstrip patch is responsible for increasing the antenna bandwidth while the
three extra layers for the feeding network allow continuous planar integration
and unique element excitation. Fig. 4.5 shows the finalized Horus antenna unit-
cell and Fig. 4.6 shows the antenna stackup for manufacturing. The antenna
stackup is divided in two sub-assemblies to allow independent manufacturing
of the feeding network and radiating sources. One of the main advantages
of this configuration is the flexibility to build-up thick substrate stackups for
the microstrip patches without the need of via plating. The Horus stackup
is made from a combination of low loss dielectric substrates and adhesives
to maximize antenna efficiency and minimize surface wave excitation. The
electrical properties of the used materials are shown in Table 4.1.
Each antenna element is excited by a pair of 50 Ω SMP-Max connectors
(i.e., one for H-polarization and one for V-polarization). From these connectors,
the signal goes through a coplanar waveguide in series to via V1, establishing
connection to the H/V TL layer L5, as shown in Fig. 4.6. L5 consists of
length-matched 50 Ω TLs distributed to excite each individual element and
polarization. The signal then connects to via V3 or V5 to excite the horizontal
(L3) or vertical (L1) λeff/4 power divider transformer. The transformers excite
the apertures on L2 which then are responsible of exciting the microstrip
patches in L1 and L2 in sub-assembly 2. Vias V3 and V5 are backdrilled at
the end of production of sub-assembly 1 to break their connection with L1 (H-
polarization) and L6 (H- and V-polarization), leaving a short stub considered
in simulations. Vias V2 and V4 are used throughout the unit-cell to improve
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(a) Horus Antenna Unit-cell
(b) Horus Antenna Top View
Figure 4.5: Simulated Horus antenna unit-cell used for simulations in Ansys
HFSS. a) Horus antenna 3D model. b) Horus antenna top view.
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L1: V-Pol TL and GND Reference Copper
C1: V-Pol Dielectric Substrate Rogers 4350b
C2: H-Pol Top Dielectric Substrate Rogers 4350b
B1: Core 1 Adhesive Rogers 4450F
L2: Apertures and H/V-Pol GND Reference Copper
B2: Core 2 Adhesive Rogers 4450F
L3: H-Pol TL Copper
C3: H-Pol Bottom Dielectric Substrate Rogers 4350b
B3: Core 4 Adhesive Rogers 4450F
L4: H-Pol Bottom GND Reference Copper
C4: TL Top Dielectric Substrate Rogers 4350b
L5: TL for H/V-Pol  and GND Reference Copper
B4: Core 5 Adhesive Rogers 4450F
C5: TL Bottom Dielectric Substrate Rogers 4350b
L6: TL GND Refererence and Feeding Points Copper
B1: Core 1 Adhesive FR-27-0045-35
C1: Protective Substrate Taconic TLY-5
C2: Parasitic MP Dielectric Substrate Taconic TLY-5
B2: Core 2 Adhesive FR-27-0045-35
C3: Driven MP Dielectric Substrate Taconic TLY-5
L2: Driven Microstrip Patch Copper
L1: Parasitic Microstrip Patch Copper
V1 V2 V3 V4 V5 V6
Sub-Assembly 2Sub-Assembly 1
Figure 4.6: Horus antenna stackups and via configuration with the following
substrate thicknesses (all in mils). Sub-assembly 1: C1 - 5, B1 - 6.2, L1 - 1.4,
C2 - 140, L2 - 1.4, B2 - 6.2, C3 - 30. Sub-assembly 2: L1 - 2, C1 - 30, B1 -
4, L2 - 1.4, C2 - 20, L3 - 1.4, B2 - 4, C3 - 20, B3 - 4, L4 - 1.4, C4 - 20, L5 -
1.4, B4 - 4, C5 - 6.6, L6 - 2 . Note 1: C = Substrate Core, B = Bondply or
Prepreg, and L = Copper Layer. Note 2: V1 - controlled depth signal via, V2 -
controlled depth GND via, V3 - backdrilled via for H-pol, V4 - through GND
via, V5 - V-pol backdrilled via, V6 - non-plated via for antenna mounting.
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Table 4.1: Substrates integrated in the Horus antenna design and their respec-
tive electrical properties.
Material Dielectric Constant (εr) Tangent Loss (tan δ)
Taconic TLY-5 2.2 0.0009
FR-27-0045-35 2.74 0.0014
Rogers 4350B 3.66 0.0037
Rogers 4450F 3.52 0.004
H/V isolation while vias V6 serve for sub-assembly alignment and antenna
mounting. Please refer to Appendix B.1 for antenna element mirroring and
excitation in the manufactured array.
Simulated Results at Boresight
The Horus antenna unit-cell follows design guidelines of aperture coupled
microstrip patch antennas shown in [79]–[81]. However, due to the complexity
of the unit-cell, it is not practical to offer the reader a comprehensive list of
the via positions, lengths and widths of each TL segment, or dimensions for
clearances around the feeding network. It is rather more insightful to discuss
some important design guidelines considered in the antenna.
• Radiating dielectric substrates - We designed a total of three antenna
revisions: one version using Rogers 5880LZ [42] and two using Taconic
TLY-5. The use of Rogers 5880LZ (i.e., a substrate with εr = 2.0 over
Taconic TLY-5 with εr = 2.2) allows the exposed V-polarization geometry
over the ground plane to introduce more sporious radiation at grazing
angles. This radiation is expected to lower at the array through antenna
element mirroring. However, multiple PCB manufacturers preferred us to
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use glass microfiber reinforced PTFE composites due to their mechanical
advantages. It is encouraged to use either Rogers 5880 or Taconic TLY-5
in combination with a higher dielectric constant material such as Rogers
4350B for the feeding network.
• Aperture or slot coupling - It is important to mantain the nature of the
apertures non-radiating because they can introduce spurious radiation.
This can be accomplished by setting a limit on the overall length of the
slot to be less than λeff/3.
• Coupling vias - Note the four symmetrical vias located at the end of
the grounded transmission lines, exiting from the corners of the unit cell
shown in Fig. 4.5b. These vias are responsible of controlling the coupling
of the apertures to the microstrip patches. Thus, these vias must be kept
constant while tuning each polarization.
• Microstrip patch geometry - It is encouraged to use a cross geometry
for the microstrip patches. The cross geometry offers an extra coupling
variable that allows for frequency tuning while can also reduce the number
of excited modes [82].
Surface wave analysis for the unit-cell considering dielectric substrates above
ground layer L3 in sub-assembly 1 yields a βsw = 1.0233 for dx = dy = 50.8
mm, which translates to scan blindness at 61.84◦, as shown in Fig. 4.7. These
results show that no scanning blindness are introduced in the antenna field of
view through surface waves. Fig. 4.12a and Fig. 4.12b show the simulated
active S-parameters and realized gain at boresight for H- and V-polarizations
using infinite array approach in HFSS. It is clear that both polarizations exhibit
very similar ARC results with an overall %BW of 15.4% while their isolation
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(a) Surface Wave Propagation Analysis (b) Grating Lobe Diagrams
Figure 4.7: Surface wave propagation constant analysis and grating lobe
diagrams at 3.1 GHz for the Horus antenna stackup where εr ≈ 2.43 and hd ≈
217.4 mils. a) Surface wave propagation constant analysis where εr is calculated
based on a weighted average. b) Grating lobe location is moved from 64.82◦ to
61.84◦.
is lower than -55 dB, as shown in Fig. 4.12a. These same results conduce to
highly efficient realized gains at boresight when compared to the theoretical
gain of the unit-cell shown in Fig. 4.12b.
Simulated Results when Scanning
The Horus antenna unit-cell is evaluated across multiple scanning directions
to extract the ARC and radiation patterns at a frequency of 2.9 GHz. Note
that every desired scanning beam requires a different simulation. Fig. 4.9a
and Fig. 4.9b show the scanning ARC for E-, D-, and H -plane for H- and
V-polarization for θ = ± 60◦ with a resolution of 5◦. The antenna is capable of
scanning at this frequency up to ± 45◦ in all planes and for both polarizations,
maintaining an ARC below -10 dB. In fact, the Horus antenna could continue
scanning on the E- and D-plane further than θ = 45◦ at the expense of a
reduced realized gain.
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(a) Active S-Parameters (b) Realized Gain
Figure 4.8: Simulated active S-parameters and realized gain at boresight
based on infinite array analysis in HFSS. a) Active S-parameters for H- and
V-polarization. b) Realized gain for H- and V-polarization.
(a) H-Pol ARC (b) V-Pol ARC
Figure 4.9: Simulated active reflection coefficient cuts for E-, D-, and H -plane
at 2.9 GHz. a) H-polarization ARC. b) V-Polarization ARC.
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(a) H-Pol Radiation Pattern Cuts (b) V-Pol Radiation Pattern Cuts
Figure 4.10: Simulated normalized radiation pattern cuts for E-, D-, and
H -plane based on Ludwig’s third definition of polarization at 2.9 GHz. a)
H-polarization radiation patterns cuts. b) V-Polarization radiation pattern
cuts.
Fig. 4.10 shows the normalized radiation patterns in Ludwig’s third def-
inition of polarization for E-, D-, and H -plane. As well as in the ARC, the
co-polarization patterns for H- and V- are very similar, with a co-polarized
radiation pattern difference lower than 0.08 dB between E-, D-, and H -plane
in θ = ± 45◦. In terms of cross-polarization, E- and H -plane show levels of -40
dB in most of the region of θ = ± 45◦. The D-plane in the other hand shows
cross-polarization of -29 dB. These cross-polarization levels are expected to be
lower at the array due to the use of element mirroring in the aperture. Accord-
ing to these results, the Horus antenna satisfies the phased array requirements
of co-polarized beam matching for polarimetric measurements but not the
cross-polarization for simultaneous transmit and receive (STSR). However, as it
was discussed in chapter 3, the IXR of microstrip patches is the highest between
all commonly used antenna architectures in phased arrays making the Horus
antenna one of the highest calibratable elements for weather measurements.
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Measured Results at Boresight
The performance of the Horus antenna is validated through the mutual
coupling measurements of a central element in the array discussed in Section
2.2.2. The manufactured antenna is made from 64 elements distributed on
an 8 x 8 grid. However, a 16 x 16 array was made for measurements using
four manufactured units. The element reference for these measurements is
[8,8], where the first number in the brackets indicates column position and the
second, row position. The antenna was setup in a small anechoic chamber and
measurements were gathered with a 2-port network analyzer. One port of the
network analyzer was left connected throughout the course of the measurements
to a reference polarization (i.e., H- or V-polarization) while the other was moved
to measure the couplings to all other elements. Fig. 4.11 shows the results of
these measurements for H- and V-polarization at 2.9 GHz. Note that for the
reference element, the shown coupling is for the passive self-reflection of the
measured polarization. Each set of measurements exhibits similar results with
higher couplings present along their respective polarization directions.
Fig. 4.12 shows the ARC at boresight as well as the realized gain for
both polarizations, using the coupling measurements shown in Fig. 4.11. The
calculated ARC through the mutual coupling measurements show fair agreement
with the simulated unit-cell. It is unclear at this point if the discrepancies
between H- and V-polarization in the ARC are due to measurement errors (i.e.,
cable phase and calibration stability throughout the measurements) or intrinsic
differences in the manufactured geometry.
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(a) Mutual Coupling for H-Pol (b) Mutual Coupling for V-Pol
Figure 4.11: Mutual coupling measurements for H- and V-polarizations for
element [8,8] in the 16 x 16 Horus antenna array at 2.9 GHz. a) Mutual
coupling measurements for H-polarization. b) Mutual coupling measurements
for V-polarization.
(a) Active S-Parameters (b) Realized Gain
Figure 4.12: Measured ARC and realized gain at boresight for element [8,8] in
the 16 x 16 Horus antenna array based on the mutual coupling measurements
shown in Fig. 4.11. a) Active S-parameters for H- and V-polarization. b)
Realized gain for H- and V-polarization.
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Measured Results when Scanning
Figs. 4.13 and 4.14 show the scanning ARC for H- and V-polarization as a
function of scanning angle θ/φ or AZ/EL and operational frequencies using
the mutual coupling results shown in Fig. 4.11. The antenna sustains for both
polarizations an ARC below -10 dB for most of the required AZ/EL range.
Moreover, the antenna also sustains an ARC below -10 dB for all designed
frequencies in φ cuts 0◦, 45◦, and 90◦. However, some of these results might
prove misleading to the reader.
Figs. 4.13d and 4.14b show ARCs lower than -10 dB for θ = ± 90◦ in
frequency ranges around 2.7 GHz. These results are misleading because the
antenna couplings are truncated to the size of the measured array (i.e., 16 x 16)
which results in anomalies in the calculated ARC for grazing angles. To obtain
more accurate results for angles near grazing, the size of the array has to
be increased. Unfortunately, at the time of this work there was no plans on
measuring a bigger array because the obtained results were sufficient to validate
the performance of the antenna against simulations.
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(a) ARC at 5.4 GHz (b) ARC Across Frequencies for φ = 0◦
(c) ARC Across Frequencies for φ = 45◦ (d) ARC Across Frequencies for φ = 90◦
Figure 4.13: Measured H-polarization active reflection coefficient for element
[8,8] in the 16 x 16 Horus antenna array based on the mutual coupling measure-
ments shown in Fig. 4.11. a) Active reflection coefficient in AZ/EL at 2.9 GHz.
b) Active reflection coefficient for φ = 0◦ across frequencies. c) Active reflection
coefficient for φ = 45◦ across frequencies. d) Active reflection coefficient for φ
= 90◦ across frequencies. Note: Dash lines represent a contour of -10 dB and
the square box the simulated or expected scanning bandwidth.
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(a) ARC at 5.4 GHz (b) ARC Across Frequencies for φ = 0◦
(c) ARC Across Frequencies for φ = 45◦ (d) ARC Across Frequencies for φ = 90◦
Figure 4.14: Measured V-polarization active reflection coefficient for element
[8,8] in the 16 x 16 Horus antenna array based on the mutual coupling measure-
ments shown in Fig. 4.11. a) Active reflection coefficient in AZ/EL at 2.9 GHz.
b) Active reflection coefficient for φ = 0◦ across frequencies. c) Active reflection
coefficient for φ = 45◦ across frequencies. d) Active reflection coefficient for φ
= 90◦ across frequencies. Note: Dash lines represent a contour of -10 dB and
the square box the simulated or expected scanning bandwidth.
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4.3.2 The PAIR Antenna
The NSF awarded the ARRC a five-year beamforming array project includ-
ing design, fabrication, and commission of a next generation mobile polarimetric
imaging phased array radar [43]. This revolutionary radar platform called
PAIR will serve as a scientific tool for studying severe weather phenomena. As
a polarimetric imaging radar, PAIR requires a spoiled antenna beam of 20◦
in EL and 1.5◦ in AZ, with low cross-polarization in a field of view of ± 45◦,
and for all frequencies between 5.3 to 5.5 GHz. Due to its limited operational
bandwidth and low cross-polarization requirements, the best suited antenna
for PAIR is a balanced probe-fed microstrip patch.
A dual-polarized balanced probe-fed microstrip antenna requires 4 drilled
vias connected to the patch and referenced to a ground, as shown in chapter 1,
Fig. 1.3. In this configuration, only two metallic layers are required. However,
the PAIR antenna must include a layer (i.e., metallic layer) for a parasitic
microstrip patch and two layers for its feeding network. The parasitic microstrip
patch is responsible for increasing the bandwidth of the antenna while the two
extra layers for the feeding network to allow for a continuous ground for planar
integration. Fig. 4.15 shows the finalized PAIR antenna unit-cell and Fig. 4.16
shows the antenna stackup for manufacturing. The stackup is made of low loss
dielectric substrates and adhesives to maximize antenna efficiency and reduce
surface waves. The electrical properties of these materials are shown in Table
4.2.
The antenna is excited by a pair of pogo pins (i.e., one for H- and one
for V-polarization) which are connected to the RF electronics and become
flushed when the antenna is mounted. From the pogo pins, the signal goes
through via V1 establishing connection to the feeding network in L4, as shown
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(a) PAIR Antenna Unit-cell
(b) PAIR Antenna Top View
Figure 4.15: Simulated PAIR antenna unit-cell used for simulations in Ansys
HFSS. a) PAIR antenna 3D model. b) PAIR antenna top view.
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B1: Core 1 Adhesive FR-27-0040-43F
C1: Protective Substrate Taconic TLY-5
C2: Parasitic MP Dielectric Substrate Taconic TLY-5
B2: Core 2 Adhesive FR-27-0040-43F
C3: Driven MP Dielectric Substrate Taconic TLY-5
B3: Core 3 Adhesive FR-27-0045-35
C4: Top TL Dielectric Substrate Taconic TSM-DS3
B4: Core 3 Adhesive FR-27-0045-35
C5: Bottom TL Dielectric Substrate Taconic TSM-DS3
L4: TL Layer for Balanced Signals Copper
L5: TL GND Reference and Feeding Points Copper
L3: Driven MP and TL GND Reference Copper
L2: Driven Microstrip Patch Copper
L1: Parasitic Microstrip Patch Copper
V1 V2 V3 V4
Figure 4.16: PAIR antenna stackup and via configuration with the following
substrate thicknesses (all in mils): C1 - 5, B1 - 3.5, L1 - 1.4, C2 - 30, B2 - 3.5,
L2 - 2, C3 - 30, B3 - 5.6, L3 - 2, C4 - 20, L4 - 1.4, B4 - 5.6, C5 = 10, L5 - 3.1.
Note 1: C = Substrate Core, B = Bondply or Prepreg, and L = Copper Layer.
Note 2: V1 - controlled depth via, V2 - normal GND via, V3 - backdrilled via
for signals, V4 - non-plated via for antenna mounting.
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Table 4.2: Substrates integrated in the PAIR antenna design and their respective
electrical properties.
Material Dielectric Constant (εr) Tangent Loss (tan δ)
Taconic TLY-5 2.2 0.0009
Taconic TSM-DS3 3.0 0.0011
FR-27-0040-43F 2.77 0.0014
FR-27-0045-35 2.74 0.0014
in Fig. 4.16. The feeding network is made from a reactive balun that has an
input impedance of 50 Ω. It then goes through a λeff/4 transformer which
splits into two 50 Ω TLs to produce differential feeding (i.e., 0◦ and 180◦ signal
references). At the end of these TLs, the signals connect to via V3 which makes
the final contact to the driven patch in L2. Via V3 gets backdrilled at the end
of production to break their connection with L5 leaving a short stub considered
in simulations. Vias V2 are used throughout the unit-cell to improve H/V
isolation while vias V4 serve for mounting the antenna to the pogo pins plate.
Please refer to Appendix B.2 for antenna element mirroring and excitation in
the manufactured array.
Simulated Results at Boresight
The PAIR antenna unit-cell follows design guidelines of balanced probe-
fed microstrip patch antennas shown in [20], [83], [84]. However, due to the
complexity of the unit-cell, is not practical to offer the reader a comprehensive
list of the via positions, lengths of each TL segment, dimensions for clearances
around the feeding network, or via dimensions. It is rather more insightful to
show the dimensions of the antenna radiating sources and unit-cell assuming
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Table 4.3: PAIR antenna dimensions.
Dimension Variable Length [mm]
Feeding Position fp 4
Parasitic Patch Lpp 16.575
Driven Patch Lp 17.225
Unit-Cell Size dx = dy 27
the feeding network is independently designed from the antenna [20]. Table
4.3 shows the dimensions of the square patches (i.e., parasitic (Lpp and driven
Lp), the distance of the feeding vias from the center (fp), and the unit-cell size
(dx and dy).
Surface wave analysis for the unit-cell considering dielectric substrates above
ground layer L3 yields a βsw = 1.0082, which translates to surface wave scan
blindness at 77.28◦, as shown in Fig. 4.17. These results show that no scanning
blindness are introduced in the antenna’s field of view (i.e., θs = ± 45◦). Fig.
4.22a and Fig. 4.22b show the simulated active S-parameters and realized gain
at boresight for H- and V-polarizations using the infinite array approach in
HFSS. It is clear that both polarizations exhibit very similar ARC results with
an overall %BW of 7.7% while their isolation is lower than -50 dB, as shown
in Fig. 4.22a. These same results conduce to highly efficient realized gains at
boresight when compared to the theoretical gain of the unit-cell shown in Fig.
4.22b.
Simulated Results when Scanning
The PAIR antenna unit-cell is evaluated across multiple scanning directions
to extract the ARC and radiation patterns at a frequency of 5.4 GHz. Note
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(a) Surface Wave Propagation Analysis (b) Grating Lobe Diagrams
Figure 4.17: Surface wave propagation constant analysis and grating lobe
diagrams at 5.6 GHz for the PAIR antenna stackup where εr ≈ 2.29 and hd ≈
77.6 mil. a) Surface wave propagation constant analysis where the εr calculated
based on a weighted average. b) Grating lobe location is moved from 79.78◦ to
77.28◦.
(a) Active S-Parameters (b) Realized Gain
Figure 4.18: Simulated active S-parameters and realized gain at boresight
based on infinite array analysis in HFSS. a) Active S-parameters for H- and
V-polarization. b) Realized gain for H- and V-polarization.
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(a) H-Pol ARC (b) V-Pol ARC
Figure 4.19: Simulated active reflection coefficient cuts for E-, D-, and H -plane
at 5.4 GHz. a) H-polarization ARC. b) V-Polarization ARC.
that every desired scanning beam requires a different simulation. Fig. 4.19a
and Fig. 4.19b shows the scanning ARC for E-, D-, and H -plane for H- and
V-polarization for θ = ± 60◦ with a resolution of 5◦. The antenna is capable
of scanning at this frequency up to ± 50◦ in all planes and polarizations,
maintaining an ARC below -10 dB. In fact, the PAIR antenna could continue
scanning on the E- and D-plane further than θ = 50◦ at the expense of a
reduced realized gain.
Fig. 4.20 shows the normalized radiation patterns in Ludwig’s third defini-
tion of polarization for the aforementioned planes. As well as in the ARC, the
co-polarization patterns for H- and V- are very similar with co-polarization
differences lower than 0.2 dB between E- and H -plane for θ = ± 45◦. In
terms of cross-polarization, E- and H -plane show levels of -40 dB within θ
= ± 45◦. The D-plane in the other hand shows the same cross-polarization
for θ = ± 20◦. According to these results, the PAIR antenna satisfies the
phased array requirements for polarimetric measurements in terms of co- and
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(a) H-Pol Radiation Pattern Cuts (b) V-Pol Radiation Pattern Cuts
Figure 4.20: Simulated normalized radiation pattern cuts for E-, D-, and
H -plane based on Ludwig’s third definition of polarization at 5.4 GHz. a)
H-polarization radiation patterns cuts. b) V-Polarization radiation pattern
cuts.
cross-polarization at this frequency.
Measured Results at Boresight
The performance of the PAIR antenna is validated through the mutual
coupling measurements of a central element in the array discussed in Section.
2.2.2. The manufactured antenna is made from 64 elements distributed on an
8 x 8 grid. The element reference for these measurements is [4,5], where the first
number in the brackets indicate column position and the second, row position.
The antenna was setup in a small anechoic chamber and measurements were
gathered with a 2-port network analyzer. One port of the network analyzer
was left connected throughout the course of the measurements to a reference
polarization (i.e., H- or V-polarization) while the other was moved to measure
the couplings to all other elements. Fig. 4.21 shows the results of these
measurements for H- and V-polarization at 5.4 GHz. Note that for the reference
element, the shown coupling is for the passive self-reflection of the measured
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(a) Mutual Coupling for H-Pol (b) Mutual Coupling for V-Pol
Figure 4.21: Mutual coupling measurements for H- and V-polarizations for
element [4,5] in the 8 x 8 PAIR antenna array at 5.4 GHz. a) Mutual coupling
measurements for H-polarization. b) Mutual coupling measurements for V-
polarization.
polarization. Each set of measurements exhibits very similar results with higher
couplings present along their respective polarization directions.
Fig. 4.22 shows the ARC at boresight as well as the realized gain for
both polarizations, using the coupling measurements shown in Fig. 4.21. The
calculated ARC through the mutual coupling measurements shows excellent
agreement with the simulated unit-cell. It is unclear at this point if the dis-
crepancies between H- and V-polarization in the ARC are due to measurement
errors (i.e., cable phase and calibration stability throughout the measurements)
or intrinsic differences in the manufactured geometry.
Measured Results when Scanning
Figs. 4.23 and 4.24 show the scanning ARC for H- and V-polarization as a
function of scanning angle θ/φ or AZ/EL and operational frequencies using
the mutual coupling results shown in Fig. 4.21. The antenna sustains for
both polarizations an ARC below -10 dB within the required AZ/EL range.
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(a) Active S-Parameters (b) Realized Gain
Figure 4.22: Measured ARC and realized gain at boresight for element [4,5]
in the 8 x 8 PAIR antenna array based on the mutual coupling measurements
shown in Fig. 4.21. a) Active S-parameters for H- and V-polarization. b)
Realized gain for H- and V-polarization.
Moreover, the antenna also sustains an ARC below -10 dB for all designed
frequencies in φ cuts 0◦, 10◦, and 90◦. However, some of these results might
prove misleading to the reader.
Figs. 4.23d and 4.24b show ARCs lower than -10 dB for θ = ± 90◦ in
frequency ranges between 5.5 and 5.6 GHz. These results are misleading
because the antenna couplings are truncated to the size of the manufactured
array (i.e., 8 x 8) which results in anomalies in the calculated ARC for grazing
angles. To obtain more accurate results for angles near grazing, the size of the
array has to be increased. Unfortunately, at the time of this work there was no
plans on measuring a bigger array because the obtained results were sufficient
to validate the performance of the antenna against simulations.
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(a) ARC at 5.4 GHz (b) ARC Across Frequencies for φ = 0◦
(c) ARC Across Frequencies for φ = 10◦ (d) ARC Across Frequencies for φ = 90◦
Figure 4.23: Measured H-polarization active reflection coefficient for element
[4,5] in the 8 x 8 PAIR antenna array based on the mutual coupling measure-
ments shown in Fig. 4.21. a) Active reflection coefficient in AZ/EL at 5.4 GHz.
b) Active reflection coefficient for φ = 0◦ across frequencies. c) Active reflection
coefficient for φ = 10◦ across frequencies. d) Active reflection coefficient for φ
= 90◦ across frequencies. Note: Dash lines represent a contour of -10 dB and
the square box the simulated or expected scanning bandwidth..
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(a) ARC at 5.4 GHz (b) ARC Across Frequencies for φ = 0◦
(c) ARC Across Frequencies for φ = 10◦ (d) ARC Across Frequencies for φ = 90◦
Figure 4.24: Measured V-polarization active reflection coefficient for element
[4,5] in the 8 x 8 PAIR antenna array based on the mutual coupling measure-
ments shown in Fig. 4.21. a) Active reflection coefficient in AZ/EL at 5.4 GHz.
b) Active reflection coefficient for φ = 0◦ across frequencies. c) Active reflection
coefficient for φ = 10◦ across frequencies. d) Active reflection coefficient for φ
= 90◦ across frequencies. Note: Dash lines represent a contour of -10 dB and
the square box the simulated or expected scanning bandwidth..
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4.3.3 The Horus-ONR Antenna
The Horus-ONR antenna was designed out of a need of higher bandwidth
capabilities out of the current Horus system. When compared, the Horus-ONR
antenna has both sub-assemblies made from Taconic TLY-5Z and FR-27-0045-
35, allowing the dielectric stackup above the antenna ground plane to achieve
a lower effective dielectric constant. The result of this approch makes the
Horus-ONR antenna achieve larger bandwidths at the expense of higher cross-
polarized radiation. The Horus-ONR antenna exhibits a %BW of 24.85%,
representing nearly a 10% bandwidth increase over the Horus antenna. Due to
the similarities between both antennas, the results of the Horus-ONR antenna
are limited here to simulation and measurements at boresight for validation, as
shown in Fig. 4.25.
(a) H-Polarization at Boresight (b) V-Polarization at Boresight
Figure 4.25: Simulated and measured active reflection coefficient at boresight




All designed and manufactured antennas for dual-polarized phased array
radars requiring low cross-polarization and well-matched co-polarized beams
were discussed in this Chapter. Section 4.2 covered all relevant microstrip
patch antenna design trade-offs including: surface waves, bandwidth, isolation,
cross-polarization, and efficiency. It was shown that surface waves, bandwidth,
and efficiency are directly related in the design of microstrip patch antennas and
that isolation and cross-polarization can be optimized at the array or element
level. Section 4.3 discussed next generation phased array radar antennas
including Horus, PAIR, and Horus-ONR antennas. In Section 4.3.1, the design
guidelines for the Horus antenna were discussed where simulation and measured
results show very good agreement. It was mentioned that even though the
Horus antenna do not satisfy the cross-polarization requirements for STSR,
its design makes it one of the most calibratable antenna elements for weather
polarimetry over the required bandwidth. Section 4.3.2 covered the design
of the PAIR antenna for which all imaging phased array requirements were
satisfied with nearly equal H/V polarization responses. Lastly, Section 4.3.3
covered the results of the Horus-ONR antenna where the bandwidth capabilities
of the Horus Antenna were extended over 10%. This antenna required to trade
cross-polarization performance for higher bandwidths leaving the polarimetry
to rely more over calibration.
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Chapter 5
The Ultra-Low Cross Polarization Microstrip Patch
Antenna (ULCP-MPA)
5.1 Introduction
The ULCP microstrip patch antenna design roots from the electric current
model discussed in Section 3.5.1. It was proved that microstrip patch antennas
have the capability of producing cross-polarization below -40 dB and IXR
greater than 33 dB (i.e., in Ludwig’s third definition of polarization) in the
visible region defined by −45◦ ≤ θ ≤ 45◦. To do so, very specific conditions
are required for the dielectric supporting the microstrip patch. In this chapter
we explore how these theoretical findings can be integrated into a practical
phased array antenna design.
5.1.1 ULCP Antenna Requirements
The ULCP microstrip patch antenna requires a substrate with a dielectric
constant ≈ 1.7 and thickness less than 0.01λ, to produce cross-polarization
levels of -40 dB, as shown in Fig. 5.1. Unfortunately, there is no commercially
available substrate with these characteristics. In fact, the lowest dielectric











Figure 5.1: Top and side view of the theoretical ULCP microstrip antenna
where hd ≤ 0.01λ and εrp ≈ 1.7 to produce cross-polarization levels of -40 dB.
The dielectric covered ground extends horizontally to infinity.
Corporation (Rogers 5880LZ). The ULCP model also assumes no feeding
network exciting the microstrip patch. Thus, to design a practical ULCP
antenna, one would need to engineer a substrate with a dielectric constant of
1.7 with thickness of 0.01λ and feeding network that does not interact with
microstrip patch.
5.1.2 Proposed ULCP Antenna Architecture
Dielectric Substrate
Let us consider the substrate requirement underneath the microstrip patch
with dielectric constant of 1.7 and thickness of 0.01λ. This requirement can be
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εr2         tan δ2         h2         Bonding
εr3         tan δ3         h3         Substrate
εr4         tan δ4         h4         Bonding
εr1         tan δ1         h1         Substrate
εr5         tan δ5         h5         Substrate
Dielectric Stackup
εr,ADL
        
tan δADL
        
ht
Artificial Dielectric Layer
Figure 5.2: Side view of the proposed dielectric stackup to design an ULCP
microstrip antenna where εrN refers to the permittivity of the dielectric N,
tan δN to the tangent loss of the dielectric N, and hN to the height of the
dielectric N. For the ADL: εr,ADL refers to the effective permittivity, tan δADL
to the effective tangent loss, and ht to the total dielectric height.
satisfied by using an artificial dielectric layer (ADL). The ADL, in the context
of this work, is a combination of multiple substrates with different electrical
and physical properties that when combined, behaves as a single homogeneous
substrate. Its effective electrical properties can be predicted using circuit model
equivalents [85], full wave simulations [86], or by simple weighted averages
[54]. Fig. 5.2 shows our proposed ADL to satisfy the requirements of the
ULCP microstrip patch antenna. The effective electrical characteristics of the
ADL are controlled by the thicknesses and electrical properties of the dielectric
stackup. The selection process of the materials is mathematically simplified
by setting layers 1 and 5 equal as well as layers 2 and 4, which conveniently
makes the stackup symmetrical. The effective permittivity and tangent loss for
the ADL using a weighted average is found from,
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(a) ADL Dielectric Permittivity (b) ADL Tangent Loss
  εr2 = 2.94  tan δ2 = 0.0030  h2 = 1.50   Rogers 2929
  εr3 = 1.07  tan δ3 = 0.0041  h3 = 20.0    Rohacell51HF
  εr2 = 2.94  tan δ2 = 0.0030  h4 = h2    Rogers 2929
  εr1 = 2.20  tan δ1 = 0.0009  h1 = 10.0    Rogers 5880
  εr1 = 2.20  tan δ1 = 0.0009  h5 = h1     Rogers 5880
Dielectric Stackup
εr,ADL = 1.7284
        
tan δADL = 7.2 x 10-4
        
ht = 43 mils
Artificial Dielectric Layer
(c) ADL for ULCP Microstrip Patch Antenna
Figure 5.3: Effective electrical properties for the proposed ADL. Calculated
effective permittivity (a) and tangent loss (b) for ADLs made out of Rogers
5880LZ, RO5880, RO3003, or RO4350B using Rogers 2929 as bonding and
Rohacell 51-HF in the middle core with thicknesseses of 1.5 and 20 mils,











tan δADL = 2
h1 tan δ1
ht
+ 2h2 tan δ2
ht
+ h3 tan δ3
ht
, (5.2)
where ht = 2h1 + 2h2 + h3. Comercially available, low permittivity dielectrics
are chosen for layers 1 through 5. Layer 1, 3, and 5 are made out of solid
substrate cores while 2 and 4 are used as bonding layers. To bring the effective
permittivity lower than the values provided by commercially available dielectrics
used on layers 1 and 2, a layer of high density foam is used in layer 3. Fig.
5.3a and 5.3b show the calculated effective permittivity and tangent loss as
a function of substrate height for multiple ADLs made out of commercially
available dielectrics (Rogers 5880LZ, Rogers 5880, Rogers 3003, Rogers 4350B)
when using 2 bonding layers of Rogers 2929 and foam core of Rohacell 51-HF.
It can be seen that all ADLs exhibit dielectric constants of 1.7 but at different
substrate heights. RO3003 and RO4350B require thicknesses lower than 4
mils which are not commercially available. RO5880 and RO5880LZ require 10
and 17 mils, respectively, which can be found commercially. For this reason,
an ADL made from RO5880 or RO5880LZ is more suitable to simultaneously
satisfy the thickness and permittivity requirements of the ULCP microstrip
patch antenna. The finalized stackup for the proposed ADL using RO5880 are




The ULCP antenna model, as shown in Fig. 5.1, has no feeding network
exciting the microstrip patch. This requirement can be partially satisfied by
using a non-contact microstrip excitatation such as an aperture or proximity
coupling. The proximity coupling exposes a TL underneath the microstrip patch
that can introduce sporious radiation in the antenna. The aperture coupling
technique, in the other hand, introduces a slot in the ground underneath the
microstrip patch keeping the fields symmetrical. For this reason, the aperture
coupling technique is the proposed feeding mechanism to be used in practical
ULCP microstrip patch antennas. For more details about non-contact feeding
mechanisms for microstrip patch antennas please refer to Section 1.3.2.
ULCP Microstrip Antenna
The proposed ULCP microstrip patch antenna using an ADL and a non-
contact feeding technique is shown in Fig. 5.4, where εr,ADL refers to the
effective dielectric constant of the ADL and ht to its thickness. The patch
and the slot has a length and a width dimensions of Lp/Wp and Ls/Ws. The
TL is mounted in a substrate with dielectric constant εrf and thickness hf .
Finally, the TL has a width Wt and stub length Lstub. Using the results for the
proposed ADL and patch dimensions Lp = Wp = 38.2 mm, the ULCP model
predicts radiation patterns shown in Fig. 5.5. It can be seen that the model
predicts cross-polarization levels below -40 dB for −49◦ ≤ θ ≤ 49◦. However,
the model does not account for the presence of the slot or its radiation, the
TL, and real ADL stackup. Nevertheless, these results serve as a guide for
comparing the cross-polarization obtained through simulation tools. In Section












Figure 5.4: Top and side view of the proposed ULCP microstrip patch antenna,
where εr,ADL refers to the effective dielectric constant of the ADL and ht to
its thickness, as shown in Fig. 5.3. Lp and Wp refer to the length and width
of the microstrip patch. Ls and Ws refer to the length and the width of the
coupling aperture. The feed has a substrate with dielectric constant of εrf and
thickness hf , while the transmission line has width Wt and stub length Lstub.
account for the effects of the slot, TL, and real ADL stackup.
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(a) Co-polarization (b) Cross-polarization
(c) Co- and Cross-polarization Cuts
Figure 5.5: Mathematically modeled ULCP microstrip patch antena radiation
patterns based on Ludwig’s third definition of polarization. The inputs for
the model were: εr,eff = 1.7284, hd = 43 mils, Lp = Wp = 38.2 mm. a) Two-
dimensional co-polarized radiation pattern. b) Two-dimensional cross-polarized
radiation pattern. c) Co- and cross-polarized radiation pattern cuts for E-
(blue), D- (red), and H -plane (green).
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5.2 ULCP Antenna Modeling
This section presents the simulated results of the proposed ULCP microstrip
patch antenna using Ansys HFSS. In Sections 5.2.1 and 5.2.2, HFSS Method
of Moments (MoM) is used for simulations which assumes infinite extension
of the dielectric covered ground in the antenna design. Consequentaly, this
method serves as a great tool for comparing the results obtained through the
mathematical model shown in Section 5.1.2. In Sections 5.2.3 through 5.2.5,
HFSS Finite Element Method (FEM), with Infinite Array Approach (IAA) is
used for predicting the performance of the antenna in a planar phased array.
Hereinafter, all guidelines regarding unit cell size, antenna excitation, floquet
port excitations, and boundary conditions are followed for HFSS MoM and
IAA.
5.2.1 MoM: Homogeneous Substrate
The ULCP microstrip patch antenna with a homogeneous substrate is
setup in HFFS MoM using the dimensions shown in Fig. 5.4, where: Lp =
Wp = 35.9 mm, Ls = 9.5 mm, Ws = 1 mm, Wt = 1.74 mm, Lstub = 12 mm,
εrf = 3.66, and hf = 30 mils. For substrate stackup details see Fig. 5.6a.
Notice that the TL has a characteristic impedance of 50 Ω which allows for
the integration of a vertical SMA connector. Fig. 5.6b shows the expected BW
of the ULCP microstrip patch antenna. It can be seen that the antenna has a
narrow BW of 33 MHz which corresponds to a %BW of 1.1%. In the other
hand, the antenna shows sustained cross-polarization levels under -40 dB for
−50◦ ≤ θ ≤ 50◦, as shown in Fig. 5.6c. Unfortunately, is rather difficult to
quantify the cross-polarization contribution of the feeding network (i.e., slot,
TL, and TL dielectric) to the antenna but, is clear that the boresight null
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is missing when compared to the mathematical model results (see Fig. 5.5).
Nevertheless, the results show that a substrate with a dielectric constant of ≈
1.7 allows microstrip patch antennas ultra-low cross-polarization characteristics.
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ADL
εr,ADL = 1.7284  
tan δADL = 7.2 x 10-4
ht = 43 mils
εrf = 3.66




(a) Antenna Stackup Properties (b) Reflection Coefficient
(c) Co- and Cross-polarization Radiation Pat-
terns
Figure 5.6: Simulated (MoM) results for the proposed ULCP microstrip patch
antenna using a homogeneous substrate. a) Antenna stackup properties. b)
Reflection coefficient of the antenna. c) Co- and cross-polarization radiation
patterns based on Ludwig’s third definition of polarization for E- (blue), D-
(red), and H -plane (green).
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5.2.2 MoM: ADL Stackup
The ULCP microstrip patch antenna with the proposed ADL is setup in
HFFS using MoM and the dimensions shown in Fig. 5.4, where: Lp = Wp =
38.2 mm, Ls = 9.5 mm, Ws = 1 mm, Wt = 1.74 mm, Lstub = 12 mm, εrf =
3.66, and hf = 30 mils. For ADL stackup details see Fig. 5.7a. Notice that the
patch size increased by 2.3 mm, but is the only physical property that changed
from the previous results (i.e., ULCP Antenna - MoM Homogeneous Substrate).
This difference can be explained by the prescence of the low dielectric constant
foam. The foam allows for the fringing fields to extend further because the
ADL is not electrically homogeneous to the microstrip patch. Fig. 5.7b shows
the expected BW of the ULCP microstrip patch antenna. It can be seen that
the antenna has a narrow BW of 34 MHz which corresponds to a %BW of
1.1%. In the other hand, the antenna shows sustained cross-polarization levels
under -40 dB for −58◦ ≤ θ ≤ 58◦, as shown in Fig. 5.6c. These results
have shown that an ULCP microstrip patch antenna design is possible using
an ADL with aperture coupling.
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  εr1 = 2.20  tan δ1 = 0.0009 h1 = 10.0 Rogers 5880
  εr1 = 2.20  tan δ1 = 0.0009 h1 = 10.0 Rogers 5880
  εr3 = 1.07  tan δ3 = 0.0041 h3 = 20.0 Rohacell51HF
  εr2 = 2.94  tan δ2 = 0.0030 h2 = 1.50 Rogers 2929
  εr2 = 2.94  tan δ2 = 0.0030 h2 = 1.50 Rogers 2929
(a) Antenna Stackup Properties (b) Reflection Coefficient
(c) Co- and Cross-polarization Radiation Pat-
terns
Figure 5.7: Simulated (MoM) results for the proposed ULCP microstrip patch
antenna using the proposed ADL. a) Antenna stackup properties. b) Reflection
coefficient of the antenna. c) Co- and cross-polarization patterns based on
Ludwig’s third definition of polarization for E- (blue), D- (red), and H -plane
(green).
132
5.2.3 IAA: Homogeneous Substrate
The ULCP microstrip patch antenna with a homogeneous substrate is setup
in HFFS FEM using a λ/2 unit cell and dimensions shown in Fig. 5.4, where:
Lp = Wp = 34.5 mm, Ls = 12 mm, Ws = 1 mm, Wt = 1.74 mm, Lstub =
12 mm, εrf = 3.66, and hf = 30 mils. For substrate stackup details see Fig.
5.8a. Notice that the patch size decreased by 1.3 mm and the slot increased
by 2.5 mm, when compared to MoM simulated results shown in Section 5.2.1.
This difference can be the result of mutual coupling in the infinite array which
results in a loading condition affecting the antenna input impedance. Fig. 5.8b
shows the expected BW of the ULCP microstrip patch antenna. It can be
seen that the antenna exhibits a higher BW of 74 MHz which corresponds to a
%BW of 2.5%. This BW increase in the infinite array simulation is another
consequence of the mutual coupling which is usually exploited in ultra wideband
antenna designs, as shown in [54]. In terms of polarization, the antenna shows
sustained cross-polarization levels under -40 dB for −46◦ ≤ θ ≤ 46◦, with
a well-defined null at boresight, as shown in Fig. 5.8c. Finally, the expected
scanning performance or active reflection coefficient (ARC) of the antenna is
shown in Fig. 5.8d. It is clear that the antenna sustains an ARC below -10 dB
for most of −45◦ ≤ θ ≤ 45◦ range. In conclusion, these results have shown
that a substrate with a dielectric constant of ≈ 1.7 allows microstrip patches
ULCP characteristics when used in planar phased arrays.
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tan δADL = 7.2 x 10-4
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(a) Antenna Stackup Properties (b) ARC at Boresight
(c) Co- and Cross-polarization Radiation Pat-
terns
(d) Scanned ARC
Figure 5.8: Simulated (IAA) results for the proposed ULCP microstrip patch
antenna using a homogeneous substrate. a) Antenna stackup properties. b)
Reflection coefficient of the antenna. c) Co- and cross-polarization patterns
based on Ludwig’s third definition of polarization for E- (blue), D- (red),
and H -plane (green). d) Scanned active reflection coefficient for E-, D-, and
H -plane.
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5.2.4 IAA: ADL Stackup
The ULCP microstrip patch antenna with the proposed ADL is setup in
HFFS FEM using a λ/2 unit cell and dimensions shown in Fig. 5.4, where: Lp
= Wp = 36.9 mm, Ls = 12 mm, Ws = 1 mm, Wt = 1.74 mm, Lstub = 12 mm, εrf
= 3.66, and hf = 30 mils. For substrate stackup details see Fig. 5.9a. Notice
that the patch size decreased by 1.3 mm and the slot increased by 2.5 mm, when
compared to MoM simulated results shown in Section 5.2.2. This difference
can be attributed to the presence of mutual coupling in the infinite array, as it
occurred with the homogeneous substrate case. Fig. 5.9b shows the expected
BW of the ULCP microstrip patch antenna. It can be seen that the antenna
exhibits a BW of 74 MHz which corresponds to a %BW of 2.5%. In terms of
polarization, the antenna shows sustained cross-polarization levels under -40
dB for −20◦ ≤ θ ≤ 20◦, with a well-defined null at boresight, as shown in Fig.
5.9c. This cross-polarization discrepancy between the homogeneous substrate
and the ADL simulation can be the result of mutual coupling through the
foam layer where the fields are not well confined under the microstrip patch.
Nevertheless, the antenna shows an ARC below -10 dB for −50◦ ≤ θ ≤ 50◦,
as illustrated in Fig. 5.9d. These results show that the proposed ADL alone
does not allow the microstrip patch antenna to reach ULCP characteristics in
a planar phased array. Section 5.2.5 explores a modified ADL that can yield
ULCP characteristics in planar phased arrays.
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(a) Antenna Stackup Properties (b) ARC at Boresight
(c) Co- and Cross-polarization Radiation Pat-
terns
(d) Scanned ARC
Figure 5.9: Simulated (IAA) results for the proposed ULCP microstrip patch
antenna using the proposed ADL. a) Antenna stackup properties. b) Reflection
coefficient of the antenna. c) Co- and cross-polarization patterns based on
Ludwig’s third definition of polarization for E- (blue), D- (red), and H -plane
(green). d) Scanned active reflection coefficient for E-, D-, and H -plane.
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5.2.5 IAA: Modified ADL
The ULCP microstrip patch antenna with a modified ADL is setup in HFFS
FEM using a λ/2 unit cell and dimensions shown in Fig. 5.4, where: Lp =
Wp = 35.9 mm, Ls = 12 mm, Ws = 1 mm, Wt = 1.74 mm, Lstub = 12 mm,
εrf = 3.66, and hf = 30 mils. For substrate stackup details see Fig. 5.10a.
Notice that the foam core thickness was reduced by 5 mils which required the
patch to be decreased by 1 mm when compared to the previous results (i.e.,
IAA - ADL Stackup). This stackup modification raised the effective dielectric
constant under the patch to 1.81 from ≈ 1.72. Fig. 5.10b shows the expected
BW of the ULCP microstrip patch antenna. It can be seen that the antenna
exhibits a reduction in BW, allowing 67 MHz which corresponds to a %BW
of 2.2%. With this stackup modification, the antenna now exhibits sustained
cross-polarization levels under -40 dB for −52◦ ≤ θ ≤ 52◦, with a well-defined
null at boresight, as shown in Fig. 5.10c. Moreover, the antenna shows an
ARC below -10 dB for most of −45◦ ≤ θ ≤ 45◦, as shown in Fig. 5.10d.
These results show that the modified ADL allows for the microstrip patch to
reach ULCP characteristics in a planar phased array. However, it is unclear if
the mutual coupling is responsible for the required modification of the stackup
given that the slot underneath the microstrip patch can also introduce more
radiation due to the low permittivity foam.
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(a) Antenna Stackup Properties (b) ARC at Boresight
(c) Co- and Cross-polarization Radiation Pat-
terns
(d) Scanned ARC
Figure 5.10: Simulated (IAA) results for the proposed ULCP microstrip patch
antenna using the modified ADL. a) Antenna stackup properties. b) Reflection
coefficient of the antenna. c) Co- and cross-polarization patterns based on
Ludwig’s third definition of polarization for E- (blue), D- (red), and H -plane
(green). d) Scanned active reflection coefficient for E-, D-, and H -plane.
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5.3 Summary
The design of an ULCP microstrip patch antenna was explored in this
chapter. Section 5.1.1 proposed the ULCP antenna geometry made from an
ADL and an aperture coupled microstrip patch. Mathematical relations to
estimate the electrical properties of the ADL were shown and combined with the
ULCP model to estimate cross-polarization levels in the antenna. Section 5.1.2
presented the simulated results of the ULCP microstrip patch antenna using
HFSS MoM and IAA. MoM results from Section 5.2.1 and 5.2.2 showed cross-
polarization levels that were close to those predicted by the ULCP microstrip
patch model. IAA results from Section 5.2.3 to 5.2.5 showed that the ADL had
to be modified to achieve ULCP characteristics. It is unclear at this point if
mutual coupling alone is responsible for the required modification given that
the slot underneath the microstrip patch can introduce more radiation in the
antenna through the low permittivity foam. Nevertheless, this chapter proved
that ULCP microstrip patch antennas are not only limited to a theoretical





This work discussed the design of dual-polarized antenna elements with
the goal of satisfying the planar phased array weather requirements of multi-
function radars. In accordance to the hypothesis it was found that, the dielectric
substrate underneath microstrip patch antennas play a fundamental role in cross-
polarization performance. Multiple microstrip patch antenna elements with
different bandwidths and polarization characteristics were designed considering
the electrical properties of the substrate stackups and their feeding networks.
Key take-aways and conclusions from this dissertation are summarized as
follows:
• Co- and cross-polarization radiation patterns are highly dependent on co-
ordinate systems and polarization definitions, as discussed in Section 3.1.
In H/V polarization, (i.e., Ludwig’s 2-I polarization definition) neither a
dipole nor a microstrip patch antenna can satisfy the polarimetric weather
requirements of the antenna due to the misprojection of electromagnetic
fields in the AZ/EL coordinate system. However, microstrip patch antennas
satisfy almost all polarimetric requirements with the exception of cross-
140
polarized radiation bias in Ludwig’s third definition of polarization [61] (i.e.,
orthogonal Huygen source polarization basis).
• Dual-polarized microstrip patch antennas show the highest scanned intrinsic
cross-polarizations (IXR) between dipole, horizontal dipole over ground,
slot, dielectric-covered slot, and waveguide antennas, as shown in Sections
3.3 - 3.5. These results make microstrip patch antennas highly calibratable.
Previously discussed in [18], IXR relates to the relative errors in the final,
calibrated, polarimetric measurement where high IXRs are an indication of
the antenna’s calibratability [63]. Thus, microstrip patch antenna elements
are well suited for polarimetric weather measurements due to their high
scanned IXRs.
• The ultra-low cross-polarization dielectric-covered slot antenna (ULCP-
DCSA) design discussed in Section 3.4.4 exhibited higher IXRs than tradi-
tional dielectric-covered slot antennas. However, the ULCP-DCSA IXR is
limited by co-polarized beam mismatch. It was found that dielectric-covered
slot antennas satisfy an ultra-low cross-polarization (ULCP) condition when
the substrate thickness and dielectric constant are ≈ 0.21λo and 1.72, re-
spectively. This condition did not allow for good co-polarized matching
between E- and H -plane of different polarizations.
• The ultra-low cross-polarization microstrip patch antenna design discussed
in Section 3.5.1 exhibited higher IXRs than traditional microstrip patch
antennas. It was found that microstrip patch antennas satisfy an ULCP
condition when the substrate thickness and dielectric constants underneath
the microstrip patch are ≈ 0.01λo and 1.72, respectively. Moreover, this
condition allowed for good co-polarized matching between E- and H -plane
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of different polarizations. Therefore, the IXR of ULCP-MPAs exceeded
33 dB over θs = ± 45◦, which is the highest IXR between all presented
antennas.
• The Horus antenna design shown in Section 4.3.1 was made from two sub-
assemblies, overcoming substrate thickness constraints imposed by PCB
technology by separating the feeding network from the microstrip patches.
The innovative separation between the sub-assemblies enabled the use of
thick dielectric substrates with aperture coupling feeding technique, allowing
for a fractional bandwidth of 15.4% with a planar backing ground for
integration. Its polarization characteristics showed a co-polarized beam
mismatch of 0.08 dB and scanned cross-polarization levels of -29 dB, based
on Ludwig’s third definition of polarization over θs = ± 45◦.
• The PAIR antenna design shown in Section 4.3.2 was made using balanced
probe-fed stacked microstrip patches, totaling a fractional bandwidth of
7.7%. The antenna design cleverly incorporates both (i.e., H- and V-
polarization) feeding networks in one layer allowing for a planar backing
ground plane for integration using only five electrical layers. Its polarization
characteristics showed a co-polarized beam mismatch of 0.21 dB and scanned
cross-polarization levels under -40 dB for θs = ± 45◦ and φs = ± 10◦. These
scanning characteristics make the PAIR antenna ideal for polarimetric
imaging radars.
• The Horus-ONR antenna design shown in Section 4.3.3 was made following
the Horus manufacturing guidelines. The motivation behind the design
was to increase the bandwidth capabilities of the Horus antenna. The
Horus-ONR antenna does not need to comply with weather requirements,
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therefore, a tradeoff between polarization characteristics was made to achieve
the desired capabilities. It exhibited a bandwidth of 24.8% over the same
scanning region (i.e., θs = ± 45◦), representing nearly a 10% bandwidth
improvement over the Horus antenna.
• A practical ULCP-MPA design was discussed in chapter 5 using an artificial
dielectric layer (ADL). The use of an ADL was required in the ULCP-MPA
because there is not a commercially available dielectric substrate with a
permittivity of ≈ 1.72. Simulations for the antenna show what is possibly
the lowest scanning cross-polarization antenna ever designed, -40 dB in
θs = ± 45◦, based on Ludwig’s third definition of polarization. However,
the antenna bandwidth is significantly low (i.e., less than 2%) given the
substrate thickness requirement (i.e., ≈ 0.01 λo) for achieving an ULCP
condition.
6.2 Research Limitations
There are some limitations with the results presented for mathematically
modeled, simulated, and manufactured antennas presented in this dissertation.
These limitations are summarized as follows:
• Unit-cell simulations for all frequencies and scanning angles were not acquired
for all manufactured and designed antennas due to required computational
time. However, it is expected from the antennas to behave similarly across
their operational bandwidths. Active reflection coefficient calculations
through mutual coupling measurements support this argument for the
Horus, PAIR, and Horus-ONR antennas, as shown in Sections 4.3.1, 4.3.2,
and 4.3.3.
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• Subarray element patterns were not acquired through simulations. Com-
putational memory limits were found using simulating tools that exceeded
available resources. These patterns should predict more accurately the full
array patterns given that they include array element mirroring. Nevertheless,
published measurements in [42] show the expected scanned cross-polarization
of the Horus subarray including array mirroring. These measurements pre-
dicted the expected cross-polarization cancelation on the principal planes
for the new Horus antenna.
• Co- and cross-polarization radiation pattern measurements were not acquired
for the manufactured arrays. It was discussed in [39] and expanded in [77]
that phased array antennas exhibit edge diffractions when measured. If
the size of the measured array is too small, edge effects will increase cross-
polarization levels. For this reason, it is ineffective to measure any antenna
element in a small array to predict the full array cross-polarization (i.e.,
scanned array cross-polarization).
• The performance of the Horus, PAIR, and Horus-ONR antennas will be
influenced by the presence of a radome. However, the radome was not
modeled in any geometry leaving the true antenna performance unknown.
Nevertheless, the radome should not have a significant impact in the polar-
ization characteristics of these antennas because its design, in principle, is
to minimize their interactions (i.e., interactions between the antenna and
the radome).
• The cross-polarization of a theoretical ULCP-DCSA shown in Section 3.4.4
requires a substrate thickness ≈ 0.21λ and dielectric constant ≈ 1.72. These
findings did not consider the excitation of the aperture, surface waves, or
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the slot radiation in the back of the ground plane.
• The polarization characteristics of the ULCP-MPA shown in Section 3.5.1
were based in the electric current model. The electric current model does
not include array mutual coupling or the slot radiation from the feeding
network. For this reason, it was necessary to change the dielectric constant
of the stackup to redefine this ULCP condition.
6.3 Future Research
The following research opportunities are proposed based on the findings of
this work and its limitations:
• It proved difficult to gage whether polarimetric weather measurements are
feasible in Huygen source polarization basis, due to the lack of studies in the
literature. Exploring the feasibility of weather measurements using Huygen
source polarization, as shown in [61], should be an area of research interest.
A dual-polarized polarimetric phased array radar with digital capabilities
would be ideal for this endeavor due to its ultimate beam-forming flexibility.
• This work used IXR to characterize dual-polarized antenna elements for
polarimetric weather radars. This was proposed because of the relation
between IXR and the total relative errors found in the measured returned
signals of a fully calibrated system. Work from [87] show that the IXR of
an array is limited due to the alignment between antenna elements (i.e., the
embedded element IXR = the array IXR). However, if the elements were not
aligned (i.e., randomly rotated elements in an aperture), the IXR of the array
could be improved. Future studies in randomly oriented elements in phased
arrays are needed. Important research questions that need to be answered
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are the following: “Which kind of practical antenna elements can be used
on these arrays?”, “How could the system be aligned or calibrated if the
mutual coupling across the aperture is irregular?”, and “Are co- and cross-
polarization at the element level important for polarimetric measurements
if the array exhibits high IXRs?”.
• The surface waves in a theoretical ULCP-DCSA with substrate thickness and
dielectric constant of ≈ 0.21λ and ≈ 1.72, do not introduce scan blindness
in a field of view defined by θs = ± 45◦. The radiation of the slot in the back
of the ground plane can be mitigated by introducing another ground plane
under the slot, converting the exposed transmission line into a stripline.
Further exploration into this approach could potentially allow for a practical
ULCP-DCSA. Moreover, the linearly polarized antenna could potentially
become dual-polarized by introducing an orthogonal slot in the geometry.
• This work presented the design of a practical linearly polarized ULCP-MPA.
This design can be expanded to include a second polarization adding a
slotted ground as it was done for the Horus antenna. It is highly possible
that a dual-polarized version of the ULCP-MPA can be designed.
• The ULCP antenna models proved mathematically uncertain when the
antennas are part of an array. There is a gap for mathematical models that
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Appendix A
List of Acronyms and Abbreviations
PAARD Phased Array Antenna Research & Development Group
ARRC Advanced Radar Research Center
IXR Intrinsic Cross-Polarization
PAIR Polarimetric Atmospheric Imaging Radar
ULCP −MPA Ultra-Low Cross-Polarization Microstrip Patch Antenna
ULCP −DCSA Ultra-Low Cross-Polarization Dielectric Covered Slot
Antenna
LRU Line Replaceable Unit
NOAA National Oceanic and Atmospheric Administration
FAA Federal Aviation Administration
MPAR Multifunction Phased Array Radar
WSR − 88D Weather Surveillance Radar - 1988 Doppler




ATD Advanced Technology Demonstrator
TL Transmission Line
STSR Simultaneous Transmit and Receive
APAR Airborne Phased Array Radar
ULCP Ultra-Low Cross Polarization
NSSL National Severe Storms Laboratory
MIT − LL Massachusetts Institute of Technology Lincoln Laboratory
CPPAR Cylindrical Polarimetric Phased Array Radar
GDPAA− ATD Geodesic Dome Phased Array Antenna, Advanced
Technology Demonstrator
RF Radio Frequency
ARC Active Reflection Coefficient
AEP Active Element Pattern
2D Two-Dimensional
HFSS High-Frequency Structure Simulator
BW Bandwidth
DDM Domain Decomposition Method
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L1 Ludwig’s first definition of polarization
L2 − I Ludwig’s second definition of polarization, y-polarized
dipole
L2 − II Ludwig’s second definition of polarization, x-polarized
dipole
L3 Ludwig’s third definition of polarization
AZ Azimuth
EL Elevation
AUT Antenna Under Test
FoM Figure of Merit
TE Transverse Electric
TM Transverse Magnetic
MMN Multisection Matching Network
SMP −Max Sub Miniature Push-on
PTFE Polytetrafluoroethylene
ADL Artificial Dielectric Layer
MoM Method of Moments
FEM Finite Element Method
IAA Infinite Array Approach
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Appendix B
Manufactured Antenna Array References
B.1 Horus Antenna
Figs. B.1-B.8 show individual metallic layers in the manufactured Horus
antenna for sub-assemblies 1 and 2. Note that V-polarization is rotated at the
array every two rows while H-polarization is rotated every two columns. The
size of the manufactured unit is 15.98” inches which represents a gap between
adjacent subarrays of 20 mils.
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Figure B.1: Parasitic microstrip patch layer of Horus antenna in sub-assembly
2.
162
Figure B.2: Driven microstrip patch layer of Horus antenna in sub-assembly 2.
The shadow microstrip patch references the parasitic located in layer 1.
163
Figure B.3: V-polarization layer of Horus antenna in sub-assembly 1.
164
Figure B.4: Slotted ground layer of Horus antenna in sub-assembly 1.
165
Figure B.5: H-polarization layer of Horus antenna in sub-assembly 1.
166
Figure B.6: Ground layer of Horus antenna in sub-assembly 1.
167
Figure B.7: H/V feeding network and ground layer of Horus antenna in sub-
assembly 1.
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Figs. B.9-B.13 show the individual metallic layers in the manufactured
PAIR antenna. The manufactured array was designed to have a gap between
adjacent subarrays of 20 mils. Mirroring between V- and H-polarizations
was introduced on the 8 x 8 due to the arrangement of the electronics. This
mirroring did not exhibit significant advantages in cross-polarization due to
the highly symmetrical arrangement of the antenna above the layer 3 ground
plane.
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Figure B.9: Parasitic microstrip patch layer of PAIR antenna.
171
Figure B.10: Driven microstrip patch layer of PAIR antenna.
172
Figure B.11: Microstrip patch ground layer of PAIR antenna.
173
Figure B.12: Feeding network layer of PAIR antenna.
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